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I.  SUMMARY 

Steady  wind  flow  acting  upon  a  structural  member  induces  lateral  vibrations  in 
the  member  due  to  the  generation  of  lift  forces  associated  with  the  shedding  of 
vortices  from  alternating  sides.  When  the  frequency  of  vortex  shedding  is  approxi¬ 
mately  equal  to  the  natural  frequency  of  the  member,  resonant  vibrations  result 
■which  are  amplified  to  a  certain  extent  by  the  self-exciting  nature  of  the  oscil¬ 
lations.  Stresses  caused  by  severe  and  frequent  vibrations  have  resulted  in 
\.f allures  in  a  variety  of  types  of  structures. 

The  present  investigation  deals  with  the  generation  and  suppression  of  wind- 
induced  vibrations  in  the  circular  aluminum  tubular  members  of  large  radar  antenna 
space  frames.  Failures  and  undesirable  vibrations  have  occurred  in  individual 
members  of  this  type  of  facility,  and  a  means  of  analyzing  and  reducing  their 
response  is  required 

The  experimental  portion  of  the  investigation  consists  of  wind  tunnel  tests  on 
stationary  cylinders,  oscillating  cylinders,  and  vibrating  flexural  members  The 
significant  results  of  the ^test  program  are  the  following  (l)  a  continuous  curve 
for  the  RMS  value  of  the  Karman  lift  coefficient  was  obtained  for  the  range  of 
Reynolds  numbers  of  interest  in  this  investigation,  (2)  a  curve  expressing  the 
extent  of  the  self-amplification  characteristics  of  members  was  determined,  (3)  a 
system  of  aerodynamic  spoilers  was  tested  and  optimized,  and  (h)  non-dimensional 
-Strouhal  frequencies  were  evaluated  and  compared  with  established  values. 

Experimental  results  are  combined  with  theoretical  developments  to  give  a  semi- 
empirical  solution  to  the  response  problem  in  the  form  of  graphical  analysis 
charts,  Design  and  analysis  procedures  are  outlined,  and  the  use  of  optimised 
spoilers  is  recommended  for  applicable  cases,  ^ 

Field  tests  are  recommended  for  the  purpose  of  obtaining  information  on  damping 
in  existing  structures  and  for  the  advantage  of  studying  vibration  phenomena  under 
atmospheric  conditions. 


ER  75-4 


2. 


II.  INTRODUCTION 

2.1  Origin  and  Background  of  the  Problem 

A  steady  wind  flow  acting  upon  a  cylindrical  structural  member  induces 
lateral  vibrations  in  the  member  due  to  the  formation  of  vortices  on  alter¬ 
nating  sides  of  the  member.  These  vortices  are  formed  and  shed  from  opposite 
sides  of  the  member  at  a  regular  frequency,  depending  upon  the  velocity  of 
the  wind,  and  as  a  result  alternating  lateral  forces  are  exerted  upon  the 
member  by  the  fluid  motion.  When  the  frequency  of  vortex  shedding  (and 
hence,  the  frequency  of  the  alternating  forces)  is  approximately  equal  to 
the  frequency  of  one  of  the  normal  modes  of  vibration  of  the  member,  a  condi¬ 
tion  of  resonance  results.  If  the  structural  damping  and  the  stiffness  of 
the  member  are  small  and  the  wind  remains  steady,  large  amplitudes  of  vibra¬ 
tion  will  be  developed. 

These  vibrations  possess  the  ability  of  self-amplification  and  for  this 
reason  may  be  considered  to  be  self-exciting  for  a  limited  range  of  wind 
velocities  at  and  around  the  resonant,  or  "critical",  wind  velocity.  This 
self-amplification  has  an  upper  limit  of  vibrational  stability,  however,  so 
that  the  vibrations  produced  by  the  wind  are  not  catastropic  in  nature. 
Oscillation  persists  for  a  certain  range  of  wind  speed  above  the  critical 
velocity  and  reaches  a  maximum  amplitude  near  the  top  of  the  range. 

There  are  several  methods  by  which  vibrations  of  this  type  can  be  suppressed. 

a)  Ry  increasing  the  flexural  stiffness  of  the  member  so  that  its  critical 
velocity  is  above  the  range  of  moderate  winds. 

b)  By  reducing  the  effective  length  of  the  member  through  the  introduction 
of  intermediate  struts . 

c)  By  use  of  damping  devices  to  restrict  the  amplitude  of  vibration. 

d)  By  attaching  "spoilers"  to  the  member  which  serve  to  disrupt  the  flow 
near  the  surface  and  to  interfere  with  the  regular  formation  of  vor¬ 
tices  ,  thereby  destroying  the  cause  of  the  vibrations. 

In  the  past,  the  first  three  methods  of  suppressing  wind- induced  vibrations 
have  been  used  repeatedly.  The  solution  to  this  problem  by  the  method  of 
applying  spoilers  to  the  surface  of  the  member  has  not,  in  general,  been 
attempted  in  civil  engineering  structures  because  of  a  lack  of  information 
concerning  their  design  and  their  effectiveness 

This  investigation  deals  with  the  specific  problem  of  wind- induced  vibrations 
in  individual  members  of  large  radar  antenna  space  frames.  The  problem  arose 
at  the  M.I.T.  Lincoln  Laboratory  when  a  slender  member  on  a  28-foot  diameter 
paraboloid  reflector  failed.  This  type  of  reflector  is  shown  in  Photograph 
2.1,  and  the  type  of  member  which  failed  is  indicated  thereon.  Failures 
have  also  occurred  in  members  of  the  much  larger  84- foot  diameter  reflector 
Vibrations  were  also  observed  in  the  120'  x  30'  G.C.I,  Antenna  at  the  Boston 
Hill  site  in  North  Andover,  Massachusetts,  during  the  process  of  erecting 
that  structure.  The  G.C.I.  Antenna  is  shown  in  Photograph  9.1. 

In  all  of  the  cases  cited  above,  studies  were  conducted  (Refs.  1  and  29),  and 
it  was  ascertained  that  the  cause  of  the  failures  was  wind- induced  vibrations 
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due  to  von  Karman  vortex  forces  The  failures  occurred  in  slender  tubular 
members  subjected  to  moderate  winds,  and  they  appeared  to  be  fatigue  type 
failures  in  weld-heated  areas  at  points  of  maximum  flexural  stress.  In  each 
case  the  problem  was  remedied  by  adding  additional  bracing  pieces  for  the 
purpose  of  restraining  lateral  vibrations  in  the  more  flexible  members  of  the 
structures. 

A  preliminary  wind  tunnel  test  was  carried  out  (Ref  30 )  on  a  small  diameter 
flexural  specimen  of  the  type  in  which  failures  have  occurred.  The  purposes 
of  the  pilot  experiment  were  to  test  the  effectiveness  of  an  arbitrary  arrange¬ 
ment  of  spiral  spoilers  and  to  determine  the  feasibility  of  conducting  a  more 
extensive  wind  tunnel  investigation  of  this  nature  As  a  result  of  the  pre¬ 
liminary  test,  the  present  experimental  project  was  initiated  A  fully  de¬ 
tailed  report  of  this  investigation  was  presented  in  the  form  of  an  Sc.  D 
thesis  (Ref  31)  in  the  Department  of  Civil  and  Sanitary  Engineering  at  M  I  T 
and  the  present  report  represents  a  condensed  summary  of  that  thesis 

2.2  Object 

One  of  the  primary  objectives  in  the  current  investigation  is  to  evaluate  an 
experimental  curve  for  the  variation  of  the  Karman  coefficient.  Cl,  with 
Reynolds  number  The  range  of  Reynolds  numbers  of  interest  in  this  experi¬ 
ment  is  approximately  from  10  to  10°.  A  continuous  curve  for  0  in  the  re¬ 
gion  of  interest  is  a  basic  necessity  for  the  establishment  of  design  criteria 
for  wind-induced  vibrations 

A  second  objective  of  this  project  is  to  study  the  self-amplification  aspect 
which  characterizes  wind- induced  vibrations  of  this  type  With  sufficient 
experimental  data,  involving  variations  in  all  of  the  parameters  affecting  the 
semi -empirical  solution  to  the  problem  can  be  developed 

Strouhal  numbers  are  evaluated  in  this  investigation  for  the  purpose  of  com¬ 
paring  with  well-established  values  previously  published  in  engineering  and 
scientific  litf'ature  The  extent  of  agreement  of  Strouhal  numbers  with  pub¬ 
lished  values  may  be  considered  to  be  a  measure  of  the  validity  of  other 
aspects  of  these  experiments 

Another  primary  purpose  for  these  experiments  is  to  test  and  optimize  a  system 
ol  spoilers  attached  to  the  surfaces  of  a  variety  of  member  sizes  The  func¬ 
tion  of  these  spoilers  is  to  interfere  with  the  periodic  circulation  and  forma¬ 
tion  of  vortices  around  the  periphery  of  a  circular  cylinder.  The  measure  of 
their  el  fectiveness  is  ^he^  ratio  of  the  Karman  coefficient  for  the  cylinder 
with  spoilers  to  the  Karman  coefficient  for  the  bare  member 

Spoiler  effectiveness  =  C^g/C^ 


Finally,  the  ultimate  objective  in  this  project  is  to  evolve  design  criteria 
and  procedures  for  analysis  of  antenna  structures  with  respect  to  the  dpeo’er 
of  severe  and  frequent  vibrations  due  to  wind  Optimum  spoiler  designs  are 
specified,  and  their  application  to  members  of  new  and  existing  structures  is 
delineated,  It  is  intended  that  the  criteria  and  procedures  developed  in  this 
paper  shall  be  applicable  for  all  or  most  of  the  practical  member  sizes  which 
are  used  in  the  design  of  antenna  space  frames 


2. 3  Scope 

This  investigation  is  limited  to  a  study  of  tubular  aluminum  members  in  the 
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form  of  circular  cylinders.  The  types  of  test  members  considered  are  as 
ro-LLows : 

a)  Stationary  rigid  body  cylinders. 

b)  Spring- supported  rigid  body  cylinders. 

c)  End- supported  flexural  members  -  fixed. 

d)  End-supported  flexural  members  -  partially  fixed. 

e)  End-supported  flexural  members  -  pinned. 

f)  Cantilever  flexural  members 


The  cylinder  and  member  diameters  range  from  1 to  10"^. 

The  spoiler  configuration  selected  for  these  experiments  consists  of  i 
diameter  tubing  attached  to  the  surface  of  the  member  and  wound  in  a  helical 
pattern  over  all  or  part  of  the  length  of  the  member  This  particular  con¬ 
figuration  was  chosen  because  of  the  ease  with  which  windings  can  be  installed 
on  a  cylindrical  member  and  because  of  the  fact  that  a  helical  pattern  of 
spoilers  is  not  sensitive  to  the  direction  of  the  wind.  The  variable  param¬ 
eters  for  optimization  of  spoilers  of  this  kind  were  the  following: 

a)  Number  of  windings. 

b)  Size  of  windings. 

c)  Pitch  of  windings 

d)  Portion  of  length  over  which  windings  sire  applied. 

The  appropriate  range  of  Reynolds  numbers  was  obtained  by  means  of  subjecting 
standard  diameter  test  members  and  cylinders  to  the  full  range  of  wind  speeds 
in  a  wind  tunnel  with  a  velocity  range  of  10  to  100  raph. 

In  tests  on  vibrating  members,  stiffnesses  and  structural  damping  were  varied 
evaluated  maimer  that  the  effects  of  these  parameters  upon  the  response  may  be 


The  test  prop-am  was  divided  into  three  main  phases  Phase  A  consisted  of 
tests  on  stationary  cylinders  mounted  in  the  wind  tunnel  with  a  sensitive 
transducer  buiit  into  the  supports  in  such  a  manner  that  direct  measurements 
of  the  lift  forces  on  the  cylinders  were  obtained.  Spoiler  optimization  was 
carried  out  on  the  stationary  cylinders.  Phase  B  dealt  with  the  response  of 
spring; supported  cylinders  oscillating  as  rigid  bodies  in  the  wind  stream 
The^ third  phase  was  a  study  of  the  response  of  flexural  members  vibrating  in 
Un?er  the  influence  of  a  steady  wind.  Each  of  these  phases  con- 
^Ut!j  information  on  the  lift  coefficient,  the  self-amplifi  cation  phenom¬ 
enon,  the  Strouhal  number,  and  the  spoiler  optimization 


OlO 
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Definition 


Units 


J-rag  rorce 


Lift  force  >  q  A 
Karman  force  =  q 
Frequency  of  vibration 

Natural  frequency  of  vibration  of  a  spring- 
supported  cylinder.  pring 

meS!^  fre<1UenCy  0f  vlbration  of  a  flexural 

Natural  undamped  frequency  of  an  elastic  system. 

Natural  frequency  of  the  fundamental  mode. 

Natural  frequency  of  the  j  th  mode. 

Frequency  of  shedding  vortex  pairs. 

Acceleration  due  to  a  gravity  =  3fl6, 

^VetWeen  the  centers  of  two  rows  of  eddies 
h  ^1id3d  non"osclllatine  circular  cylinder. 

Increased  width  of  vortex  street. 

Complex  operator  =  q 

Number  in  a  series 
Moment  for  unit  rotation. 


A  convenient  constant  =  Aj  r~ 

^ring  constant  of  a  spring- supported  cylinder 
with  respect  to  a  uniform  loading  =  the  total 

k  =VZ  *  WhlCh  produces  a  delfection  of  unity. 

c°nsbant  of  a  member  with  respect  to  a 
uniform  loading  =  the  total  load,  v which 
produces  a  maximum  static  deflection,  Am,  of  uni 

Spring  constant  of  an  elastic  system. 

Length,  in  feet. 


Length,  in  inches. 
Total  mass . 

Mass  per  unit  length. 


lb 

lb 

lb 

cps 

cps 

cps 

cps 

cps 

cps 

in/'seA 

in 

in 


in- lb. 

1/in 

lb/in 

lb/in 

lb/in 

ft 

in 

lb-sec^/in 
lb- sec2/ in2 


Symbol 

Definition 

Units 

m 

c 

Cylinder. Unit  length  of  a  spring- supported 

lb- sec 

m 

m 

= 

Mass  per  unit  length  of  a  flexural  member. 

lb-sec' 

nr 

= 

Reynolds  number  =  =  y8o  V(3i 

N 

8 

t 

= 

Strouhal  number  =  —2  — 

V  17757- 

N 

s 

= 

Self-reduced  Strouhal  number. 

n 

= 

A  dimensional  ratio. 

P 

= 

Concentrated  load. 

lb 

lb/ft2 

P 

Gage  pressure  =  air  pressure  above  or  below 
atmospheric  pressure  acting  on  a  surface  or  a 
projected  area. 

q 


r 

t 

V 

v 

v 

cr 


v 

P 


W 

c 


w 

i 

w 


V 

o 


y 


Stagnation  pressure  =  i  p 

2  a 

Modulus  of  the  complex  number  re1® 

Polar  coordinates  of  any  point  in  a  region. 
Time. 

Uniform  velocity  of  undisturbed  flow. 
Velocity  in  miles  per  hour. 

Critical  wind  velocity. 

vibrationCOrre8P°ndln8  t0  PS&k  ^P^ude  of 
Velocity  of  vortices  in  street. 


Weight  of  spring- supported  cylinder. 


boad  per  unit  length. 

w  “Rifled  by  (DLF )  at  resonance. 

Elective  lateral  loading  per  unit  length  d 

withT!Xv8heddin6  °n  S  stationary  cylinder 
~  VP* 


Orthogonal 
any  point. 


coordinate  denoting  deflection  at 
x,  along  a  member 


-Amplitude  of  vibration. 


m 


Amplitude  of  vibration  at  point 
deflection  on  a  flexural  member. 


of  maximum 


lb/ft2 

L 


sec 

fps 

mph 

mph 


mph 


lb 

lb/in 

lb/in 

lb/in 


in 

in 


in 
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Symbol 

Definition 

Units 

ss 

Value  of  y  when  v  =  v  ,  including  the  effect 
m  p 

of  self-amplification. 

in 

Z(ico  )= 

Mechanical  impedance  of  an  elastic  system. 

Z 

=z 

Complex  coordinate  of  any  point. 

L 

b) 

Abbreviat ions 

(ASF) 

Aeroelastic  Suppression  Factor. 

(DLF) 

= 

Dynamic  Load  Factor. 

(ILF) 

= 

Incremental  Load  Factor 

(IDF) 

= 

Incremental  Deflection  Factor. 

(NDD) 

= 

Non-Dimensional  Deflection  =  — -—5  . 

Q 

(RF) 

= 

Reduction  Factor. 

c 

) 

Notation  -  Greek 

Symbol 

Definition 

Units 

o£ 

= 

Polar  coordinate  for  location  of  a  vortex  in 
the  wake. 

T*i 

1  1 

= 

Strength  of  a  vortex. 

t2_-1 

L  T 

t 

= 

Unit  weight  of  structural  material 

lb/in3 

4 

| 

= 

Mass  density  of  air  at  standard  temperature  (l5°C) 
and  pressure  (760  mm  of  mercury)  =  0.076 5. 

lb/ft3 

A 

= 

Deflection  under  static  loading 

in 

= 

Maximum  deflection  of  a  member  under  static  loading 

in 

r 

0 

= 

Logarithmic  damping  decrement,  or  rate  of  decay 

6 

= 

1 0 

Argument  of  the  complex  number  re 

,A 

= 

Viscosity  of  fluid 

ML-V1 

/< 

a 

= 

Viscosity  of  air  at  standard  temperature  and  pressure 

lb- sec/ft2 

V 

= 

Kinematic  viscosity  of  fluid 

lV1 

4 

Kinematic  viscosity  of  air  at  standard  temperature 

and  pressure  Jj  , 

7-  =  ,  a  =  1.564x10'4 

a  O  a 

ft“/  sec 

(° 

= 

Mass  density  of  fluid 

ML-3 

4 

= 

Mas3  density  of  air  at  standard  temperature  and 
pressure  =  0,00238 

lb- sec  /ft 

<*( 

)= 

Unit  stress 

Denotes  "a  function  of"  the  term  inside  the  parentheses 

lb/in2 

CO 

= 

Ratio  of  frequency  of  forcing  function  to  natural  frequency 
Circular  frequency  of  vibration.  Rad/ see 

I 
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III. 


aerodynamic  aspects 

3*1  Fundamental  Considerations 
e.)  Definitions 

Lift  and  drag  forces  on  a  bluff  obstacle  may  be  defined  in  terms  of  the 

stagnation'  pressure,  q  ,  which  represents  the  velocity  pressure  head  in  the 
free  stream. 

i  =  iev2 

Form  factors,  called  non-dimensional  lift  and  drag  coefficients,  relate  the  lift 
an  rag  farces  acting  on  the  body  to  the  stagnation  pressure  and  the  surface 
area  (or  a  projected  area)  of  the  body 


Non-dimensional  drag  coefficient  =  c^  = 


<lA_ 


Non-dimensional  lift  coefficient 


CL 


The  Reynolds  number  is  a  dimensionless  number  expressing  the  ratio,  or  relative 

the  inertial  forces  (or  velocity  pressure  forces)  to  the  frictional 
forces  which  a  fluid  stream  exerts  upon  a  body. 


Reynolds  number  =  N  = 
R 


VD 

-v 


The  Strouhal  number  is  a  dimensionless  number  which  represents  the  fact  that  a 
I  low  phenomenon  is  unsteady  and  periodic  in  its  nature. 


Strouhal  number  =  N  = 
S 


fD 


b)  Dynamic  Similarity 


The  method  of  dimensional  analysis  (Ref.  3)  may  be  used  to  obtain  model  relation- 
Pr°blem  of  wind-induced  vibrations.  For  a  model  (denoted  by  sub- 
I  geometrically  similar  to  a  prototype  (denoted  by  subscript  l) 
(Ref?  31 )  8ame  materia1'  the  follow±n«  expressions  may  be  obtained 


nL 

p 

F_  =  n  F, 

a 

-1- 

2  1 

o2  n  ol 

n\ 

Monig  =>  nJ  Morn^ 

f  =  —  f 

2  n  *1 

E1 

2 

mg  =  n  m^ 

2  =  n<^l 

H 

<1 

c 

>H 

II 

>W 

S  2  =<5i 
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It  is  evident  that  for  the  conditions  determining  the  foregoing  relationships  the 
Strouhal  numbers  for  model  and  prototype  will  be  the  same  >  The  Reynolds  number 
will  be  the  same  only  if  a  fluid  medium  is  used  which  has  a  kinematic  viscosity 
of 

1^2  =  n 

Therefore,  in  testing  the  resonant  response  of  geometrically  similar  models  in 
air,  equal  Reynolds  numbers  cannot  be  practically  attained  "Incomplete  dynamic 
similarity"  may  be  obtained,  however,  by  testing  models  in  air  in  the  range  of 
Reynolds  numbers  where  the  Strouhal  number  is  fairly  constant  and  where  the  value 
of  involved  may  be  corrected  for  the  influence  of  the  Reynolds  number. 

3-2  Circular  Cylinder  in  a  Fluid  Stream 

The  fluid  flow  in  the  Immediate  vicinity  of  a  circular  cylinder  in  the  stream 
takes  a  variety  of  forms,  depending  upon  the  value  of  the  Reynolds  number.  At 
extremely  small  Reynolds  numbers  the  flow  picture  is  very  much  like  ideal  flow, 
as  shown  in  Figure  3-1  At  somewhat  higher  values,  up  to  RR  =  bO ,  the  flow  separ¬ 
ates  from  the  surface,  as  in  Figure  3' 2,  and  forms  two  symmetrical,  stationary 
vortices  (Refs  11  and  15)  Above  N  =  40,  however,  the  stationary  vortices  be¬ 
come  distorted  and  unstable,  and  an  asymmetrical  flow  condition  develops  wherein 
vortices  are  formed  at  opposite  sides  of  the  cylinder.  These  vortices  grow  in 
strength  in  the  vicinity  of  the  cylinder,  are  detached  from  the  cylinder,  and 
move  down  stream  with  the  flow  in  an  alternating  pattern.  The  flow  in  the  vortex 
street  is  viscous  from  N  =  40  to  approximately  150,  and  the  vertices  decay  by 
viscous  diffusion  (Ref.  20).  The  range  from  N  =  150  to  3°0  is  a  transition  range 
in  which  the  flow  changes  from  laminar  to  turbulent  in  tne  free  vortex  layer  which 
separates  from  each  side  of  the  cylinder  Ref.  20)  Above  =  300,  the  flow  be¬ 
comes  turbulent  at  the  point  of  separation  In  this  range,  cabled  the  irregular 
range,  the  vortex  shedding  is  periodic,  but  the  velocities  fluctuate  in  an  irregu¬ 
lar  fashion  because  of  the  turbulence  in  the  flow.  The  result  of  these  fluctua¬ 
tions  is  that  the  amplitudes  of  the  lift  forces  are  more  or  less  random,  and  the 
randomness  becomes  more  pronounced  with  increasing  Reynolds  numbers. 

The  vortex  street  behind  a  cylinder  is  commonly  idealized  as  in  Figure  3- 3s  which 
incorporates  the  stability  criteria  derived  by  Th.  von  Karman  Ref.  13.).,  This 
configuration  ia  applicable  from  *  40  to  approximately  =  3  *  10  .  At  or  near 
the  latter  Reynolds  number  the  flow  in  the  boundary  layer  on  the  forvstrd  portion  of 
the  cylinder  changes  from  laminar  to  turbulent,  and  the  separation  points  move  rear 
ward  on  the  cylinder.  There  follows  an.  abrupt  drop  in  the  drag  coefficient,  a 
sharp  rise  in  the  Strouhal  number,  and  the  wake  becomes  narrower  and  apparently 
aperiodic  Regular  vortex  formation  is  no  longer  visible,  and  the  flow  is  highly 
turbulent.  The  flow  picture  is  indicated  in  Figure  3=4,  and  the  variations  in  the 
drag  coefficient  and  the  Strouhal  number  are  shown  in  Figure  3«5-  It  is  reasonable 
to  suppose  that  the  unknown  plot  of  CL.  would  also  undergo  a  rapid  change  in  the 
vicinity  of  NR  =  3  x  10  .  This  value  of  N_  is  referred  to  as  the  "critical" 
Reynolds  number  Values  of  below  this  number  will  be  called  "subcritical 
Reynolds  numbers"  in  this  paper,  and  those  above  will  be  teamed  "super-critical 
Reynolds  numbers". 

3=3  The  Fluctuating  Lift  and  Drag  Coefficients 

Under-  the  assumptions  of  ideal  flow  and  the  vortex  geometry  behind  the  cylinder 
shown  in  Figure  3.6,  it  can  be  shown  (Ref  .  31 )  that  the  perimeter  of  the  cylinder 
is  a  streamline  and  that  the  pressure  distribution  at  the  surface  is  given  by; 


ER  75-4 


15. 


(using  n  =  b/a) 
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This  approximate  expression  is  obtained  from  the  Bernoulli  equation  for  steady 
--ov  cons*~er *ng  an  instantaneous  equilibrium  condition. 

The  instantaneous  lift  and  drag  coefficients  are  obtained  by  integrating  the 
lateral  and  longitudinal  components,  respectively,  of  the  surface  pressure. 
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3*  ^  Effect  of  Vibration  on  Lift  Forces 

When  an  elastically-supported  cylinder  or  a  flexural  member  is  vibrating  in 
resonance  with  periodic  vortex  forces,  the  vibration  itself  causes  an  increase  in 
e  magnitude  of  the  lift.  The  additional  aerodynamic  force  is  probably  associa¬ 
ted  with  a  periodic  shifting  of  the  points  of  separation  on  the  ?ylinde£,  resulting 

™^ed+CirCUla^0n-/  At  thS  Same  t±mej  the  vortices  created  in  the  wake  are 
larger  and  stronger  than  in  the  case  of  the  stationary  cylinder. 

D.  Steinman  (Ref  24),  citing  the  results  of  experiments  at  the  David  Taylor  Model 
Basin,  proposed  the  hypothesis  that  if  eddies  are  shed  at  or  near  each  end  of  the 
amplitude  range,  the  normal  width  of  the  vortex  street  is  increased  by  the  ratio 

h  +  2y  _  1  +  2y 
b  "  1.3d  ' 

For  stability ,  the  distances  between  vortices  in  each  row  mist  also  increase  in 
the  same  ratio.  It  is  assumed  that  the  drag,  the  circulation,  and  the  lift  must 

toe  ratio'  At  the  same  time,  the  eddy  frequency  and  the 

Strouhal  number  are  decreased  by  the  reciprocal  ratio.  Figure  3.7  shows  schemati¬ 
cally  the  increased  dimensions  of  the  vortex  street  b  f  ows  scnema  .1 


'Vy, 


16 


ER  75-4 


17 


It  is  important  to  realize  that  resonant  vibrations  of  large  amplitude  cannot  be 
attained  when  the  Strouhal  frequency  for  a  stationary  cylinder  exactly  equals  the 
natural  frequency  of  an  elastic  body.  In  this  instance,  as  soon  as  oscillation 
begins,  the  Strouhal  frequency  decreases  and  goes  out  of  phase  from  the  natural 
frequency  When  oscillation  occurs  at  some  higher  stream  velocity,  however,  the 
Strouhal  frequency  decreases  to  the  point  where  it  matches  the  natural  frequency 
of  the  body,  and  the  vibration  stabilizes  at  the  corresponding  amplitude. 


There  is  an  upper  limit  of  stream  velocity  beyond  which  this  self- controlling 
action  cannot  occur.  At  this  point  the  amplitude  drops  abruptly  to  a  lower  value 
determined  by  the  dynamic  load  factor  of  the  forcing  function.  For  the  case  of 
zero  damping,  Steinman  deduced  an  upper  limit  of  velocity  for  peak  amplitude  of 


The  ratio  of  v  to  v^  must  be  the  same  as  the  ratio  of  dimensional  increase  in  the 
vortex  street.^  ul" 
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3-5  Effect  of  Protuberances 

One  may  expect,  from  the  experiments  of  Fage  and  Warsap  (Ref  9),  that  not  only 
the  drag  coefficient  but  also  the  Strouhal  number  may  become  insensitive  to 
Reynolds  number  for  a  cylinder  with  many  small  windings  attached  to  the  surface. 
Also,  the  use  of  a  few  small  diameter  spoilers  would  not  serve  to  reduce  lift 
forces  appreciably  except  in  the  vicinity  of  the  critical  Reynolds  number,  where 
the  boundary  layer  may  easily  be  tripped  into  turbulent  flow.  It  appears  more 
promising  to  approach  the  problem  from  the  point  of  view  of  disturbing  the  flow- 
picture  drastically  through  the  use  of  windings  which  are  of  significant  size  com¬ 
pared  to  the  diameter  of  the  cylinder.  If  the  regular  formation  of  vortices  can 
be  prevented  or  interrupted  by  this  means,  an  irregularity  will  be  imparted  to  the 
lift  forces  which  will  inhibit  the  occurrence  of  resonant  vibrations.  In  addition, 
if  the  windings  are  attached  in  a  helical  pattern,  their  three-dimensional  charac¬ 
ter  should  be  additionally  advantageous  for  the  purpose  of  disturbing  a  two- 
dimensional  flow. 


IV. 


VIBRATION  ASPECTS 
4  1  Preliminary  Considerations 
a)  Damped  Vibrations 

The  equation  of  motion  for  the  forced,  damped  vibration  for  a 
freedom  system  having  viscous  type  damping  and  subjected  to  a 
function  of  constant  amplitude  is 

My  +  cy  +  kQy  =  Foeia"  *  ................... 


single-degree-of- 
harmonic  forcing 


...(*0 


ER  75-4 


18. 


from  which  the  response  is  found  to  be 
Felajt  Feli0t 

y  =  FTico)  =r=?=-= 
^j(ko-Ma,2)2  +  c^6D  2 

The  real  part  of  equation  (5)  may  be  written 

F/ko 

u-n2)2  +  (2 1  nf 

c 

in  which,  fl  =  ^  /  co  a  =  f/fn  . 


(5) 


(6) 


t>)  Free  Lateral  Vibration  of  Members 


The  natural  frequency  of  any  free  lateral  vibration 
constant  section  may  be  written  (Ref.  28): 


of  a  flexural  member  of 


k  a 

2TT 


(7) 


vih^^nnthe^eiT  A  depends  upon  the  conditions  of  end  support  and  the  mode  of 

lfFl^\.fLe^r?oS^?UenCleS  f°r  thS  6lementary  ^  COndlti°-  P^*d 


Fixed : 

fl 

_  3-56  ^  Elg 

i2  i  A2T 

= 

2.27  f 

p 

. (8) 

Partly  Fixed: 

fl 

T 

2  to  3.56  a 

l2  N 

Elg 

a  r 

=  (1.00 

to  2.27)  1 

Pinned : 

fl 

II 

ro 

ro 

^Itfl 

= 

1.00  f  . 
p 

. (10) 

Cantilever : 

fl 

_  0.560  A  Elg 
£  2  \|  Ay 

= 

0.356  fp 

. (11) 

••(9) 


JjTLx  vibrating  member  is  carrying  an  axial  load  (as  in  the  case  of  a  space 

thruron!rtl^t^ai>1freqUvnCy  °f  member  ±S  a  Action  of  the  load  as  well  as 
Properties of  the  member.  For  a  member  with  pinned  ends,  for  example,  the  ex- 

S)' °f  J  S  »“*•  for  zero 


a)  /°/f7f76cV  ■  /f  =  7.00  f 


£Z 


Z>)  RarV/y  E/xecV  •'  /f  =  700  Vo  2.27  £ 

_ _ El 

X 

c)  E/xe<J  ■■  f,  =  2.27  >% 


_ _ _ 
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c7)  Cartf/Zeiser-  -  /f  ~  0.356 /i 


EON0 A  MENTAL  EREQOENC/ES_  OF 
VAR/ 005  MEMBERS  //V  TERMS  OF 
EREQOENCV  OE  P/NNED  MEMBER 
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1  1-  F  ^  " 

J^I  W  2 


in  which  the  positive  sign  applies  for  a  tensile  load  and  the  negative  sign  refers 
to  a  compression  load.  & 

k'2  jjgtoral  Frequencies  of  a  Prismatical  Member  with  Elastic  End  Connections 

Actual  end-supported  members  in  a  practical  structure  are  neither  pinned  nor  fixed 
Instead,  their  end  connections  are  of  intermediate  fixity,  depending  upon  the 

m?lner  0fT,f0;Lnt  Ponstruction-  Consider  the  member  with  elastic  end  connections 
shown  in  Figure  4.1a,  in  which  the  springs  at  the  ends  are  weightless  and  of 

i  ^  m°ment  C°r  Unlt  rotation-  frequency  equations  for  the 

symmetrical  and  anti -symmetrical  modes,  respectively,  may  be  shown  (Ref.  31)  to 

K 

IS  (tanh  k//2  +  tan  k//2)  -  2  =  0 . ( 12 ) 


gS  (coth  k//2  -  cot  k//2)  -  2 


act^‘ialld,ixPerllnental2members  (Ref.  31)  resulted  in  the  conclusion 
at  a  value  of  (k  ^  )  =  2.10  IT  can  be  used  for  estimating  the  fundamental 

°5  ladpvldual  memhers  in  space  frames  having  rigid  Joints.  Natural 
requencies  of  vibration  of  members  having  gusset  plate  connections  may  be  assumed 

With  r?fpeCt  to  vlbratl°ns  in  a  direction  normal  to  the  plane  of  the 
gusset  plates  for  all  practical  purposes. 

4*3  Response  of  an  Elastic  System  to  Vortex  Forces 
(without  self-amplification) 

a)  Response  to  a  Variable  Forcing  Function 

Kfnnf1  llft  force  varies  with  the  velocity  and  the  lift  co- 
The,< dimfnslonleS3  response  of  a  single-degree-of- freedom  system, 
having  viscous  damping,  to  vortex  forces  at  low  Reynolds  numbers  may  be  written- 


(NDD) 


ClCK^2/ko 


(1-  n2)2  +  (2?  nr 

c 


ei°*  Ty  5180  be  applled  for  the  case  Of  a  flexural  member  vibra- 
i  ^  in  its  fundamental  mode,  in  which  case  k  may  be  approximated  as  the  total 

tha?  r  ^  °n  °enber  dlvlded  the  maximum  deflection  of  the  member  when 
that  load  is  applied  statically. 

b)  Response  to  a  Random  Forcing  Function 

(Single-degree-of- freedom  elastic  system  with  viscous  damping,  without 
s elf- ampli f icat ion ) 
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We  have  discussed  thus  far  only  the  ideal  case  of  a  forcing  function  having  ampli- 
tude  and  frequency  which  vary  with  the  stream  velocity  and  which  are  constant  for 
a  particular  velocity.  For  this  case  the  response  is  calculated  on  the  basis  of  a 
forcing  function  which  may  be  assumed  to  vary  sinusoidally  with  time  and  which  has 
an  unvarying  amplitude  and  a  discrete  frequency  Equation  15, 


2 


V  Ap  sin  7 r  fyt 


•(15) 


is  the  commonly- used  expression  applied  to  the  vortex  shedding  phenomenon. 

However,  for  Reynolds  numbers  above  approximately  3  x  102  the  amplitude  of  the 
lift  force  is  not  constant  for  a  given  stream  velocity  but  becomes  increasingly 
random  as  the^Reynolds  number  increases.  At  a  Reynolds  number  above  approxi- 
mately  3  x  10  the  vortex  shedding  frequency  also  becomes  random  as  the  separation 
point  moves  rearward  on  the  cylinder.  Therefore,  for  the  purposes  of  computing 
e  response  of  an  elastic  system,  there  are  two  important  types  of  forcing  func¬ 
tions  to  be  considered:  (l)  3  x  10%:  ^<3  x  105 .  sinusoidal  forcing 


(2)  3  x  105<N, 


R 


V.W  ^  0  X  _LU  <B  <  j  X  ±U'  .... 

function  with  discrete  frequency  but  rahdom  amplitude.  A  ^ 

harmonic  forcing  function  with  .random  frequency  and  random  amplitude. 

(!)  Response  at  Subcritical  Reynolds  Numbers 

The  range  of  Reynolds  numbers  below  3  x  105  is  of  primary  interest  in  this  in- 

V^S^i6a^i0n  because  most  Practical- sized  antenna  members  subjected  to  moderate 
wind  velocities  fall  into  this  category. 

In  this  case  the  force  amplitude  is  random  with  a  steady  mean  value  of  zero.  The 
response  of  the  system  depends  upon  the  energy  input  from  the  vortex  forces 
averaged  over  a  period  of  time.  Now,  the  energy  input  per  cycle  is  proportional 
to  the  product  of  the  force  and  the  amplitude  of  vibration.  But  the  amplitude 
self  varies  directly  with  the  applied  force;  so  the  energy  input  per  cycle 
varies  as  the  square  of  the  force. 


Energy  input  per  cycle  oc  F„.  .  y 

iv  ( 


Power  input 


Therefore,  the  mean  square  of  the  force  determines  the  energy  input,  and  the 
response  must  be  calculated  on  the  basis  of  the  standard  deviation  from  the  mean 
of  0-11  -f  the  random  deviations.  We  may  define  the  non-dimensional 
lift  coefficient,  C^,  as  the  RMS  value  of  C^.  and  present  the  forcing  function  as 

F  =  i  Bin  17  V  ••••••••• . .(16) 
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and  compute  the  response  from 


(NDD) 


°A  a2/*c 


^  a-  n2f  *  <af  n  y 


■(17) 


Response  at  Supercritical  Reynolds  Wunjtgrs 
Supercritical  Reynolds  numbers  are  of  secondarv  u  „  ...  . 

esf^st for  st™^es  ^ iarge 

andtfJeqSencyt^efr^dorPlieU^s^LS thereSrl^deaf v^th°J  “*  1’°^  the  Mlplitude 

energy  input  per  cycle,  because  the  pover  depends the  fVe  ?  than 

tation  as  well  as  the  force  amplitude  The™,-  upon  the  frequency  of  the  exci- 

of  the  whole  spectrum  of  frequencies  involved^  t  lnp^t  be  evaluated  in  terms 

Utahn!  W  °f  h±gh  SPeCtral  denSlt^  -111  aMgh^espo^e  at 

For  the  stochastic  process  under  consideration  if  +i,_  „ _ 

as  a  function  of  the  „o„“^oSsSSS^”^u2^Tr,i,pectr” le  exp”"ea 


and  is  normalized  so  that 


(PSD)  «  0  (N  ) 

s 


0  (Ns)  d  Ns  =  1, 


then  the  mean  square  amplitude  of  the  forcing  funn+inn 

of  the  mean  square  lift  coefficient  nnd  -t-v,-0?  +  _ion  be  e*Pre6se<i  in  terms 
(Ref.  10).  coefficient  and  the  integral  of  the  power  spectral  density 

.  oO 


F  2 


=  (i  V^)  c/  \  0(Ne) 


dN 

s 


•  (18) 


The  mean  square  value  of  the  response  may  then  be  calculated  from 

8»*ner 


d-fi zf  *  css  nr 


...(19) 


he  evaluated  with  reepeot totS  ™"r spect^H J’ «““?».  <«>  W 

queuoy  eorreepoudlas  to  the  nature  fr.quehoy  of  the  SESo^Jt^oL?*  if" 
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Hie  mean  square  response  becomes : 


-2 

V  = 


<«  A/  Sc2 

k  (2-  ) 


ti 

~ 


0  (Hs) 


(20) 


High  spectral  densities  at  low  Strouhal  numbers  would  indicate  the  probability  of 
dangerously  large  oscillations  at  fairly  high  wind  velocities. 

4.4  Self -Amplification  of  Vibrations 

a)  Method  of  Approach  to  the  Problem 

In  this  investigation  a  means  is  developed  for  dealing  with  the  phenomenon  of 
self-amplification  of  wind- induced  vibrations.  The  general  approach  to  the  prob¬ 
lem  is  as  follows : 

(1)  All  of  the  parameters  that  are  known  to  have  an  influence  on  the  amount  of 
the  self-amplification  of  either  a  spring- supported  cylinder  or  a  flexural  member 
are  lumped  into  dimensionless  numbers  which  will  be  called  "aeroelastic  suppression 
factors",  (ASF).  These  (ASF)’s  are  a  measure  of  the  relative  ability  of  vibrating 
systems  to  amplify  their  own  vibrations. 

(2)  "Incremental  deflection  factors",  (IDF),  are  derived  for  various  types  of 
members  which  represent  the  degree  of  self-amplification  that  can  be  attained. 

The  (3DF)'s  depend,  among  other  things,  upon  the  ratio  v  /v  (or  its  equivalent, 
the  incremental  load  factor,  ILF).  The  latter  term  can^Dec§etermined  by  the  ex¬ 
periments,  and  when  plotted  against  the  (ASF)  for  each  member  tested,  yields  a 
useful  empirical  curve  for  the  purpose  of  calculating  the  (IDF)  for  any  member  in 
an  antenna  structure. 

The  tools  for  this  semi -empirical  solution  of  the  self-amplification  problem  will 
be  summarized  in  this  section.  Plots  of  (ILF)  -  vs  -  (ASF)  will  be  presented  in 
the  test  results  of  phases  B  and  C,  and  the  procedure  outlined  will  be  applied  in 
Chapter  IX  of  this  report  to  give  a  combined  solution  to  the  problem  of  self¬ 
amplification  of  vibrations. 

b )  Aeroelastic  Suppression  Factors 
(l)  Spring  -  Supported  Cylinders 

The  ratio  by  which  v  exceeds  v  (as  well  as  the  ratio  by  which  CL.  is  increased 
due  to  the  vibrationy  depends,  in  the  case  of  a  spring- supported  cylinder,  upon 
the  following  three  elements:  (l)  the  damping,  (2)  the  stiffness,  and  (3)  the 
relative  magnitude  of  the  wind  forces. 

Let  us  define  an  "aeroelastic  suppression  factor",  (ASF): 

k 

(ASF)  =  6  ,r  d  . . . (a) 

rK 

in  which, 

5  =  non-dimensional  logarithmic:  damping  decrement  =  rate  of  damping 
per  cycle. 
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stiffness  of  spring  supports,  lb/in. 

diameter  of  cylinder,  inches, 
lift  force  on  cylinder,  lb. 


24. 


k  = 
c 


Note  that  the  inclusion  of  the  diameter,  d  ,  serves  to  render  the  ratio  p— 

dimensionless  by  changing  the  spring  stiffness,  lb.  per  inch  of  deflection?  to 
lb.  per  unit  of  non-dimensional  deflection,  (NDD). 


Expressing  kc  and  F^.  in  terms  of  mn,  Ns>  and  yields: 

O  ra  N  2  6 

(ASF)  =  6.86x10°  — — §—  . 

St3 


(b) 


(2)  Flexural  Members 

The  (ASF)  for  a  flexural  member  vibrating  in  its  fundamental  mode  may  be  expressed 
in  a  manner  similar  to  that  for  a  spring- supported  cylinder.  The  stiffness,  k 
of  the  flexural  member,  however,  shall  be  defined  as  the  total  uniformly  distribu¬ 
ted  static  load  which  produces  a  maximum  deflection  of  unity.  Accounting  for  the 
mode  shapes  and  corresponding  member  stiffnesses  in  this  manner,  the  following 
(ASF)'s  are  obtained: 


Type  of  Member 
Fixed . 

Finned .... 

Cantilever 

Cylinder. . , 


5-28 

5.44 

4.42 

6.86 


(ASF) 


x  10 


x  10 


o  m  N  C 
P  m  s  ° 

am  N 
o  m  s  w 


x  10 


8  K  s 


in  s 


x  10 


O  rn  N  £ 
o  m  s  ° 


(21) 

(22) 

(23) 

(24) 


(c)  Incremental  Deflection  Factors 
(l)  General 

A  member  vibrating  at  a  fairly  large  amplitude  under  the  action  of  von  Karman  vor¬ 
tex  forces  experiences  a  magnification  of  lateral  forces  over  and  above  those 
acting  on  a  stationary  cylinder.  Connected  with  this  self- amplification  are  the 
facts  that  the  width  of  the  vortex  street  increases  and  that  the  strengths  of  vor¬ 
tices  increase  correspondingly.  At  the  same  time,  the  frequency  of  vortex  shedding 
decreases  in  the  same  ratio  in  order  to  maintain  geometric  similarity,  and  hence, 
stability  in  the  vortex  street.  The  ratio  of  the  self-amplified  lift  force  per 
unit  length  of  an  oscillating  cylinder  or  flexural  member  to  the  lift  force  per 
unit  length  if  there  were  no  amplification  shall  be  defined  as  the  "incremental 
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load  factor",  (ILF) . 

(ILF)  =  1  +  =  1  +  I.54  (NDD) 

For  an  oscillating  cylinder  the  (ILF)  is  equal  to  v/v  ,  For  a  vibrating  member 
the  (ILF)  at  the  point  of  maximum  delfeetion  is  also  £§sumed  to  be  equal  to  v/v  . 

When  a  cylinder  or  a  flexural  member  is  vibrating  under  the  influence  of  a  wind 
velocity  somewhat  greater  than  the  critical  velocity,  the  aerodynamic  forces 
exceed  those  acting  at  the  critical  velocity  for  two  reasons.  First,  £he  forces 
increase  in  proportion  to  the  velocity  pressure  head  increase,  (v/v  )  .  Second, 
the  forces  increase  due  to  the  self -magnification  showr  by  the  incrlased  width  of 
the  vortex  street.  There  is  an  upper  limit  of  amplitude  and  velocity  where  the 
vibration  becomes  unstable  and  breaks  down  abruptly.  Thus,  the  amplitude  rises 
gradually  to  a  peak  at  a  velocity  somewhat  above  the  critical  velocity  and  then 
drops  suddenly  to  a  low  value. 

Let  us  define  a  term  which  will  account  not  only  for  the  increase  in  forces  due  to 
the  self-amplification  but  also  for  the  increase  due  to  the  velocity  increment. 

This  term  shall  be  called  the  "incremental  deflection  factor",  (IDF).  The  (  IDF) 
is  the  ratio  of  the  peak  amplitude  to  the  hypothetical  amplitude  at  the  critical 
velocity.  Ihe  latter  amplitude  must  he  recognized  as  hypothetical  because  reson¬ 
ant  vibrations  of  large  amplitude  cannot  be  attained  when  the  Strouhal  frequency 
for  a  stationary  cylinder  exactly  equals  the  natural  frequency  of  the  body.  In 
this  instance,  as  soon  as  oscillation  begins,  the  Strouhal  frequency  decrease ^ 
and  goes  out  of  phase  from  the  natural,  frequency,  and  a  pulsating  response  results. 
For  the  purpose  of  computing  the  (IDF),  however,  we  shall  imagine  that  there  is  no 
inter-action  between  the  calculated  forces  and  the  response  at  the  critical 
velocity. 

For  a  cylinder  oscillating  as  a  rigid  body  the  (ILF)  and  the  (IDF)  are  determined 
by  the  damping,  the  spring  stiffness,  and  the  lift  coefficient.  For  a  vibrating 
flexural  member,  however,  the  ( ILF)  varies  along  the  length  of  the  member,  and  the 
(IDF)  is  a  function  of  the  shape  of  the  dynamic  deflection  curve  and  the  phase 
relationships  of  the  forces  acting  over  the  total  length. 

D.  B.  Steinman  (Ref.  2b)  evaluated  for  a  specific  case  the  effect  of  the  self- 
amplification,  (ILF),  of  an  oscillating  cylinder,  simultaneously  with  the  dynamic 
amplification  equation,  (DLF),  for  an  elastic  system,  by  means  of  a  two-part 
graphical  interpretation  substituted  for  the  solution  of  a  6  th  degree  equation. 

It  will  be  more  convenient  for  design  purposes,  however,  to  consider  the  elastic 
vibrational  amplification,  (DLF),  and  the  aerodynamic  type  of  amplification,  ( IDF ) , 
separately. 

In  this  investigation  there  are  two  different  situations  for  which  amplification 
implements  must  be  developed : 

A.  Design  or  Analysis :  Knowing  the  member  characteristics,  the  damping,  the  lift 
coefficient,  and  the  Strouhal  number,  calculate  the  maximum  possible  amplitude  of 
vibration. 

3.  Wind  Tunnel  Tests:  Having  measured  the  member  characteristics,  the  damping 
the  maximum  amplitude,  and  the  corresponding  wind  velocity,  calculate  the  lift  co¬ 
efficient  and  the  Strouhal  number  for  a  stationary  cylinder  of  the  same  diameter 
and  at  the  same  wind  velocity. 
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These  two  approaches  will  be  taken  up  individually.  The  factors  for  the  former 
case  have  already  been  defined.  The  factors  for  the  latter  case  will  be  defined 
simply  as  the  "reduction  factors",  (RF). 

(2)  (IDF)'s  for  Design  or  Analysis 

In  the  case  of  design  or  analysis  the  member  characteristics,  the  damping,  the 
lift  coefficient,  and  the  Strouhal  number  are  known.  The  problem  is  to  calculate 
the  maximum  possible  amplitude  of  vibration.  The  method  to  be  used  is  to  calcu¬ 
late  the  hypothetical  amplitude  vibration  at  the  critical  velocity  and  then  to 
increase  this  amplitude  by  the  ( IDF ) .  Since  the  (IDF)  is  a  function  of  the 
velocity  ratio  v  /v  =  (HJ)  ,  the  latter  term  must  also  be  known.  The  ex¬ 
perimental  curve  for  (ILF),  obtained  from  the  laboratory  tests  in  this  investiga¬ 
tion,  may  be  used  for  this  purpose. 

The  (IDF)  will  be  developed  in  detail  for  the  case  of  a  simply- supported  member. 
Expressions  for  the  (iDF)’s  for  other  cases  of  interest  will  also  he  written. 

For  a  simply- supported  member  vibrating  under  the  influence  of  the  wind  velocity 
which  causes  peak  amplitude, 

1—  „  U  .  ~l 


3^  * 


+ 

1.3d 


0.01025  n 


(dlf)  * 


Solving  for  y  , 
mp 


5  „ 

385 _ ei 

2pro  0.01025  li 

1.3d  EI 


(DLF) 


••••(25) 


(DLF) 


Ey  definition. 


(IDF)  = 


W~o£ 


(DLF) 


2,60^  0.01025^ 


..(26) 


(DLF) 


'“ro  ■  %  )  •  ro 


=  1.779  x  10-5  ^  v  2d  .  (lb/in) 


*  Deflections  of  all  vibrating  members  are  approximated  by  fourth  desgree  para¬ 
bolas  The  incremental  loading  on  a  member  will  therefore  be  assumed  to  vary 
as  a  fourth  degree  parabola 


27. 


ER  75-4 

Also, 

v  =  v  x  (ILF)  . . 

p  cr  '  'max 

. . .  00 

And, 

VTsre  -  96’“0£  . 

Substituting  (a),  (b),  and  (c)  into  equation  (26)  and  writing  similar  equations 
for  other  types  of  members  results  in  the  following: 

A.  Pinned  Members :  (Defl.  assumed  4  th  degree  parabola) 

(IDF)  =  . - . - .  . . (27a) 

1  -  2.4l  x  10_i+  Gjj  |  (DLF)  (ILF)2 

•B.  Fixed  Members :  (Defl.  assumed  4  th  degree  parabola) 

(IDF)  =  - — - ^ . . .(27b) 

1  -  2  64  x  lO-^  ^  ?  (DLF)  (ILF)2 

C.  Cantilever  Members •  (Defl.  assumed  4  th  degree  parabola) 

(IDF)  =  - 1 . . .  . . (27c) 

1  -  2  66  x  10"4  CL  f  (DLF)  (ILF)2 
K  A 

D  Spring-Supported  Cylinders :  (Defl.  uniform) 

(IDF)  - - - - g - “  - - -  •  •  (27d) 

1  -  2.44  x  IQ-4  |  'DLF)  (ILF)2 


It  must  be  noted  that  in  the  derivation  of  the  (IDF)'s  a  discrepancy  arises  in  the 
case  of  a  flexural  member.  At  large  amplitudes  of  vibration  the  vortex  shedding 
in  the  region  of  maximum  deflection  will  tend  to  be  slower  than  in  regions  of 
lesser  deflection  near  the  supports.  The  acting  forces  will  tend  to  lose  some 
phase  homogeneity,  and  a  limit  of  self- amplification  will  be  reached  which  is  less 
than  that  indicated  by  the  calculations  discussed  above  Qualitatively  speaking, 
a  flexural  member  will  have  less  self-amplification  than  an  oscillating  cylinder 
not  only  because  of  the  mode  shape  but  also  because  of  the  phase  differences  which 
arise.  The  experimental  plot  of  (ILF)  from  the  member  tests  in  this  investigation 
will  be  assumed  to  account  for  these  phase  differences.  (it  will  be  seen  from  the 
results  of  the  experiments  of  Phases  B  and  C  that  the  (ILF)  curve  for  members  is 
somewhat  lower  than  that  for  spring- supported  cylinders  because  of  the  phase  differ¬ 
ences  discussed  here. ) 

(3)  (RF)'s  for  Reducing  Wind  Tunnel  Tests 

The  second  situation  of  interest  involves  the  transformation  of  the  wind  tunnel 
test  data  into  useful  information.  In  order  to  have  some  basis  of  comparison, 
dynamic  values  of  CL1  and  N  '  must  be  referred  to  the  case  of  the  stationary 
cylinder.  The  experimental  Values  of  C.  '  and  N  '  are  to  be  multiplied  and 
divided,  respectively,  by  the  appropriate  reduction  factors,  (RF) 
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In  the  process  of  reducing  the  test  data  for  a  flexural  member,  an  "apparent  ' 
dynamic  is  computed  which  refers  to  a  uniformly  distributed  lateral  loading 

J  member-  111611  the  proper  reduction  factor  is  calculated  by  equating 

the  deflection  of  the  member  with  a  statically-applied,  uniformly- distributed 
apparent  C^_  (  loading  to  the  delfection  obtained  with  a  statically-applied 
standard"  loading  properly  modified  by  the  effect  of  self-amplification.  In 
this  manner,  ^the  following  expressions  for  (RF)  are  obtained: 

A-  Pinned  Members:  (Defl.  assumed  4  th  degree  parabola) 

=  1  +  1.21  (HDD)  . (28a) 

B.  Fixed  Members :  (Defl.  assumed  4  th  degree  parabola) 

(RF)  =  1  T  1.26  (NDD) . . * . (28b) 

C’  Cantilever  Members :  (Defl.  as sinned  4  th  degree  parabola) 

=  1  +  1.09  (NDD)  . (28c) 

D.  Spring-Supported  gylinders :  (Defl.  uniform) 

=  1  +  1.54  (NDD)  . . . .....( 28d ) 


V.  TEST  PROGRAM  AND  DESIGN  OF  COMPONENTS 
5-1  Basic  Assumptions 

Ihe  following  basic  assumptions  apply  to  the  wind  tunnel  experiments  in  this 
investigation: 

a)  Spanwise  correlation  is  assumed  for  the  vortex- shedding  mechanism.  That  is 
the  flow  picture  is  assumed  to  be  two-dimensional,  and  the  vortex-shedding  is 
assumed  to  be  in  phase  at  all  sections  of  a  cylinder  (at  sub-critical  Reynolds 
numbers)  at  all  times.  Very  little  experimental  evidence  exists  to  support  this 
assumption,  but  Roshko  (Ref.  20)  found  good  spanwise  correlation  at  low  Reynolds 


b)  Spoiler  configurations  optimized  on  stationary  cylinders  are  assumed  to  be 
optimum  for  vibrating  cylinders  also.  This  assumption  permits  the  results  of  sta¬ 
tionary  tests  to  be  extrapolated  to  vibration  tests  for  the  purpose  of  checking 
spoiler  effectiveness  without  having  to  repeat  the  optimization  process. 

c )  Short,  spring-supported  cylinders  are  assumed  to  simulate  the  behavior  of 
structural  members  which  are  too  large  to  test  in  the  wind  tunnel.  For  this  pur¬ 
pose,  stiffnesses  and  mass  ratios  of  cylinders  and  members  must  be  adjusted, 

d)  It  is  assumed  that  the  fundamental  mode  of  vibration  of  practical  members  is 
of  much  more  common  occurrence  than  the  higher  modes  of  vibration.  For  this 
reason  the  design  of  spoilers  for  flexural  members  shall  be  directed  toward  sup¬ 
pressing  the  first  mode  efficiently,  without  regard  to  higher  nodes. 
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5*  2  Phases  of  Test  Program 

The  following  three  phases  constituted  the  test  program: 

a)  Phase  A:  The  first  phase  consisted  of  tests  on  stationary  cylinders  mounted 
vertically  in  the  wind  tunnel.  These  cylinders  ranged  in  size  from  3"  <j>  to  10”  <j>, 
in  increments  of  1  inch.  The  variation  of  the  lift  force  on  a  cylinder,  with 
respect  to  time,  was  measured  by  means  of  a  small  force  transducer  at  the  lower 
end  of  the  cylinder.  The  output  of  the  force  transducer  provided  information  for 
calculating  lift  coefficients  and  Strouhal  numbers  for  the  range  of  wind  tunnel 
velocities  available  as  well  as  for  optimizing  spoiler  designs 

b)  Phase  B  The  second  phase  involved  mounting  the'  cylinders  from  Phase  A  on 
cantilever  spring  supports  at  top  and  bottom  The  response  of  these  spring- 
supported  cylinders  to  the  vortex  action  of  the  wind  was  measured  indirectly  by 
accelerometers  mounted  on  each  end-  These  response  measurements  permit  the  calcu¬ 
lation  of  the  magnitude  and  frequency  of  the  forcing  function  for  both  bare  cylin¬ 
ders  and  cylinders  with  spoilers  and  also  provide  comparisons  between  the  two  A 
second  parameter,  the  damping  coefficient,  was  not  subject  to  control,  but  the 
fact  that  it  varied  proved  to  be  useful  in  the  final  analysis. 

c)  Phase  C:  In  the  last  phase  a  series  of  flexural  members  was  tested  These 

members  were  of  fairly  small  diameter  (  \  <f> ,  2"  <j> s  3 "  f,  and  4”  <f>)  and  had 

various  conditions  cf  end  support.  The  members  tested  were  selected  on  the  basis 
of  a  feasibility  study  which  determined  the  sizes  and  methods  of  supports  which 
could  be  used  in  the  wind  tunnel  available  and  which  could  be  expected  to  attain 
resonance  within  the  speed  range  of  the  tunnel.  The  response  of  these  full-size 
test  members  was  measured  in  terms  of  fiber  strains  by  means  of  SR-4  gages  ap¬ 
plied  at  points  of  maximum  stress.  This  phase  provides:  (l)  values  for  the  lift 
coefficient  and  Strouhal  number  at  lower  Reynolds  numbers,  (2)  correlation  with 
spring- supported  cylinders,  (3)  information  on  the  effect  of  varying  the  length 
of  spoilers  over  the  length  of  the  member,  and  (4)  verification  of  model  rela¬ 
tionships  for  the  vortex  shedding  phenomenon 

Phases  B  and  C  also  yield  useful  information  on  the  degree  of  self-amplification 
in  vibrating  members. 

5 • 3  Design  of  Test  Members  and  Support  Systems 

a)  Stationary  Cylinders 

Photograph  5  1  shows  the  base  layout  and  the  force  transducer  connection  for  the 
Phase  A  tests  (with  one  of  the  plywood  guide  plates  removed)  A  "dummy"  connec¬ 
tion  of  similar  construction  was  provided  at  the  upper  end  of  the  cylinder  so 
that  the  force  reactions  at  the  top  and  bottom  connections  would  be  approximately 
equal , 

b)  Spring- Supported  Cylinders 

The  same  cylinders  were  used  in  Phase  B  that  were  used  in  Phase  A  The  support 
system  was  transformed  by  removing  the  lateral  restraints  top  and  bottom  so  that 
the  cylinders  could  swing  freely  on  their  spring  supports.  Twin  accelerometers 
were  attached  at  both  ends  of  the  test  cylinder  to  complete  the  Phase  B  set-up. 
Variable  spring  constants  for  the  supports  were  obtained  using  different  lengths 
and  thicknesses  of  the  cantilever  support  strips.  These  strips  were  clamped  to 


Photograph  ?.l  :  Base  Layout  -  Phase  A  ( 3'V  Cylinder  in  Place) 
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heavy  base  plates  with  rigid  connectors  and  high  strength  bolts  uniformly  tensioned 

SJSeVEJh*  'Tf  Photograph  5-2  shows  the  4"  /  spring- supported  cylinder  of 
tnase  B  with  optimum  spoilers  attached. 

c)  Flexural  Members 

The  types  of  members  tested  were  the  following: 


Number 


mrrr—  End  Connections  Diameters 

3  M!  Fixed  ll"  /  to  3"  / 

3  142  Partly  Fixed  l£"  /  to  3"  / 

,+  M3  Pinned  l|  "  /  to  4"  <f> 

6  Mi+  Cantilever  1-1"  /  to  3"  / 

Cantilever  members  with  /  /d  =  30  and  i/d  =  20  were  obtained  by  sawing  off  one 
end  of  the  fixed  members  after  the  Ml  tests  had  been  completed.  In  thi ^manner  a 
total  of  16  different  members  were  tested  using  only  10  shop  specimens. 

S^R^to^'h  ?rVhe  m  membefs  88  they  were  fabricated  previous  to  testing, 
and  Hiotop-aph  5.4  shows  an  example  end  connection  for  Ml  as  it  was  mounted  in 

the  wind  funnel.  The  bolted  connections  were  tightened  uniformly  with  a  torque 

***  -moved)  were  cut  LcXJ  tte^- 


Fixed 


Partly  Fixed 
Pinned 
Cantilever 


VI  MATERIALS  AND  APPARATUS 
6.1  Materials 

a)  Test  Members 

All  test  members  were  fabricated  from  structural  aluminum  stock  606x  T6,  which 
is  the  material  commonly  employed  for  the  construction  of  antenna  structures 
support  members  and  stationary  connectors  were  made  up  from  structural  grade 


Spoilers 


The  spoilers  used  in  wind  tunnel  testing  consisted  of  flexible  plastic  tubing  of 
various  diameters  and  wall  thicknesses.  The  criteria  for  selecting  wall  thick¬ 
nesses  were  (l)  that  the  tubing  had  to  be  flexible  enough  to  wind  around  the 
test  cylinders  without  applying  appreciable  force  and  (2)  that  the  tub iL  had  to 
retail  its  round  shape  without  appreciable  deformation  when  it  was  wound  in 
place.  The  tubing  was  wound  about  the  test  member  or  cylinder  with  sufficient 
tension  to  assure  that  it  remained  in  place  shea  subd.ci.d  to  a  sSo™  Ld 

it  was  fastened  at  each  end  with  narrow  strips  of  electrical  adhesive  tape. 

6.2  Test  Apparatus 
a)  Wind  Tunnel 

The  experiments  in  this  investigation  were  conducted  in  the  low  speed  wind  tun¬ 
nel  m  the  Aeroelastic  Laboratory  of  M.I.T.  This  tunnel  is  of  the  closed- circuit 


! 


•Under  (Looking  Upstream) 


; 


Photograph  5-j  :  Members 
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type  having  a  5^'  rectangular  test  section  and  a  velocity  range  of  10  to 

100  :aipb%  Screens  in  front  of  the  transition  section  served  to  reS  2e  scSe 
of  turbulence  at  the  test  section  to  approximately  0. 55 

t>)  Pitct-Static  Equipment 

P^^"S^tti°4.f<1UfPment  WaS  used  for  measuring  wind  velocities  for-  the  purro-e  o^ 
calibrating  the  tunnel  controls  and  for  determining  the  blockage'  effect 

A  »“*“•  (Gottingen)  type  Pitot  tube  with  „  lMtiSJnt  S^fflcleS  ^ 

X  S  It  ^?l0°  “  “XCOh“1  ^  vernier  divJioL^ 


c;  oscillographs 

Two  types  of  oscillographs  were  used  for  recording  the  signal  a  fr™  +v,0 

t^ss^jsr.  -1—  ~  - 

d)  RMS  Equipment 

?  a  voltmeteJ  fify^er  arrangement  was  used  to  obtain  standard  values  of 

/S'  n“up  consisted  of  an  AC  Ballantine  electronic  voltmeter  in  combina¬ 

tion  with  a  DC  voltmeter  shunted  across  the  recording  galvenometer  The  former 

ss.’SjrsMr- Talu"  °f  ^  *•  ^  -*»  of 

e)  Force  Transducer 

5thfrs  7“7,“wr  U°Cd  ln  m:te‘  A  iB  basically  a  compression  force  load  cell 

trto„  Lf; 

ars.  *•  ^ 

f )  Accelerometers 

The  twin  accelerometers  used  in  Phase  B  tests  were  ~  50  g  units  having  natural 
frequencies  of  650  cps,  Both  the  accelerometers  and  the  load  cell  contain  fmrr 
arm  balanced  bridges  consisting  of  unbonded  strain  gages.  f 

g)  Bonded  Strain  Gages 

SR-4  Bonded  Strain  Gages,  type  A-7,  were  used  in  the  tests  of  Phase  C  to  measure 
factors°of1 2^0^-^  StrainS*  111686  ga«es  have  resistances  of  120  ohms  -  and  gage 

h)  Miscellaneous  Apparatus 

1/1000  inch  diSsionsnLdn0O^ncS  travel?^"  ^  *  StandaXd  Ames  dlal  ^ 

A  torque  wrench  having  interchangeable  sockets  and  a  torque  range  of  -  ISO  ft_iv 
was  utilized  for  tightening  bolted  connections  in  Phases  B  and  C. 
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Joint  rotations  of  fixed- end  connections  were  checked  in  the  static  load  tests  of 
Phase  C  using  a  surveyor's  transit  and  a  mirror-scale  arrangement  for  magnifying 
readings . 


VII  TESTING  PROCEDURES 


7. 1  Tests  on  Stationary  Cylinders 

After  calibrating  the  transducer,  the  bare  cylinders  were  mounted  in  the  tunnel 
and  subjected  to  steady  wind  speeds  in  5  mph  increments.  At  each  velocity  an 
oscillograph  record  was  taken,  examples  (below  and  above  the  critical  NR)  of 
which  are  shown  in  Figures  A-2  and  A-5  of  Appendix  A.  For  certain  of  the  bare 
cylinders,  RMS  galvenometer  voltages  were  recorded,  using  the  RMS  equipment 
described  previously.  These  readings  were  taken  simultaneously  with  the  oscil¬ 
lograph  traces . 

A  series  of  spoiler  designs  was  tested  on  each  of  the  stationary  cylinders.  Con¬ 
figurations  consisting  of  1,  2,  4,  8,  and  16  windings  were  tested  using  three  or 
more  tubing  diameters  and  three  or  more  pitches  for  each  size  tubing.  It  was 
found  that  the  lift  forces  were  minimized  in  all  cases  with  a  configuration  of 
four  medium  size  windings  wound  at  a  fairly  large  pitch.  An  oscillograph  record 
for  a  cylinder  with  spoilers  is  shown  in  Figure  A- 4. 

During  the  course  of  spoiler  optimization  the  fact  was  discovered  that  configura¬ 
tions  of  many  small  diameter  windings  had  the  effect  of  increasing  the  lift 
forces  on  stationary  cylinders  instead  of  suppressing  them.  Moreover,  the  lift 
forces  were  not  only  larger  in  magnitude,  but  they  were  more  regular  in  frequency 
and  also  more  uniform  in  amplitude  than  for  the  case  of  bare  cylinders .  Further¬ 
more,  this  force  regularity  transcended  the  critical  Reynolds  number  for  bare  cylin¬ 
ders.  The  discovery  of  this  phenomenon  prompted  a  study  of  the  effects  of  numer¬ 
ous  small  windings  in  addition  to  the  optimization  of  useable  spoiler  configura¬ 
tions.  Figures  A-3  and  A-4  demonstrate  the  effects  of  many  small  windings  applied 
to  stationary  cylinders.  Note  the  contrasts  in  the  oscillograph  traces  for  Fig¬ 
ures  A-2  through  A-4,  which  were  all  recorded  for  the  same  size  cylinder. 

7< 2  Tests  on  Spring-Supported  Cylinders 

Following  the  calibration  of  the  accelerometers,  decay  curves  were  recorded  by 
displacing  the  spring- supported  cylinders  and  allowing  them  to  oscillate  freely 
in  the  fundamental  mode  of  vibration.  A  typical  decay  curve  obtained  in  this 
manner  is  shown  in  Figure  B-l  of  Appendix  B 

For  each  test  on  each  bare  cylinder  a  different  spring;  stiffness  factor  was  ob¬ 
tained  by  varying  the  lengths  of  the  cantilever  spring  supports.  Accelerometer 
readings  were  recorded  for  a  series  of  wind  speeds,  and  the  resonant  wind  vel¬ 
ocity  was  carefully  adjusted  in  the  critical  range  so  that  the  peak  amplitude  of 
vibration  was  observed  in  each  case.  Figure  B-2  represents  an  example  oscillo¬ 
graph  trace  for  a  bare  cylinder  oscillating  at  maximum  amplitude.  In  this 
record  a  lower  gain  was  used  on  the  second  amplifier  because  the  Sanborn  stylus 
does  not  give  accurate  readings  for  displacements  over  20  mm.  Note  that  the  vi¬ 
bration  was  quite  steady  at  the  peak:  amplitude. 

Tests  were  also  conducted  with  8  -  3/b6"  <f>  windings  attached  to  the  cylinders, 
an  example  of  which  is  shown  in  Figure  B-3>  Surprisingly,  the  amplitudes  ob¬ 
tained  in  most  cases  were  not  significantly  different  from  those  obtained  for 
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the  bare  cylinders,  and  the  steadiness  of  the  response  was  also  about  the  same. 

Previously  optimized  spoiler  configurations  dramatically  reduced  the  response  of 
the  spring- supported  cylinders.  Compare  the  oscillograph  record  of  Figure  B-4 
with  that  of  Figure  B-2  (the  effect  is  even  greater  than  a  first  glance  indicates 
because  different  gains  were  used  for  the  two  records). 

7-3  Tests  on  Flexural  Members 

Static  load  tests  were  carried  out  on  each  member  in  order  to  check  the  electri¬ 
cal  calibrations  of  strain  gages,  to  check  computed  stresses  and  deflections  with 
actual  values,  and  to  identify  regions  of  stress  concentrations  at  the  supports. 

Decay  curves  for  the  fundamental  modes  of  vibration,  an  example  of  which  is  shown 
in  Figure  C-l  of  Appendix  C,  were  obtained  by  striking  the  members  and  recording 
the  response  in  terms  of  gage  strains.  Because  the  rate  of  decay  varied  with 
amplitude  in  seme  cases,  curves  were  obtained  for  a  series  of  gain  settings  in 
order  to  assure  that  the  applicable  damping  coefficient  would  be  available  for 
response  calculations  in  the  wind  loading  tests. 

The  bare  members  were  subjected  to  the  range  of  wind  velocities  as  in  the  previ¬ 
ous  tests,  and  fundamental  modes  of  vibration  were  readily  developed  at  or  near 
the  predicted  critical  wind  speeds.  Figure  C-2  shows  the  response  of  a  member 
vibrating  at  mnx-lrmim  amplitude,  the  Sanborn  record  for  which  was  made  at  two 
paper  speeds.  In  the  more  flexible  members  the  second  and  even  the  third  modes 
of  vibration  were  developed  with  similar  ease.  The  layouts  of  strain  gages  were 
oriented  to  the  first  mode,  however)  so  no  quantitative  results  are  reported  for 
these  higher  modes. 

Optimum  spoilers  were  applied  to  the  members  over  various  portions  of  their 
lengths.  The  length  increments  tested  were  100$,  80$,  60$,  40 $,  and  20$  of  the 
lengths  of  the  members.  When  the  spoiler  lengths  were  less  than  100$  of  the  mem¬ 
ber  lengths,  they  were  applied  at  locations  which  represented  the  most  efficient 
regions  for  suppressing  the  exciting  forces.  Figures  B-3  and  B-4  depict  the 
response  of  a  cantilever  with  spoilers  over  100$  and  40$  of  its  length.  Note  the 
attenuator  setting,  compared  to  Figure  B-2. 

Because  the  evaluation  of  Phase  C  data  required  the  use  of  the  modulus  of  elasti¬ 
city  of  the  material,  stress- strain  curves  were  obtained  from  load  tests  carried 
out  on  cylindrical  compression  specimens  cut  from  certain  of  the  Phase  C  members. 


VIII  TEST  RESULTS 


8.1  General 

Appendices  A  through  C  contain  the  plotted  results  of  the  laboratory  experiments 
in  this  investigation.  The  test  results  will  be  described  in  this  section, 
making  continuous  inference  to  these  appendices. 

8.2  Results  of  Tests  on  Stationary  Cylinders 

Values  of  peak  CP.  for  bare  cylinders  and  with  spoilers  are  shown  in  Figure  A-7, 
and  Figure  A-8  summarizes  all  of  the  CP  curves  obtained  from  Phase  A  v  ...  !'s.  The 
CP  curves  for  individual  cylinders  are^typif ied  by  a  "tail"  effect,  shown  bv 
dashed  lines,  which  lead  up  to  the  common  curve  of  (^  -  vs  -  Log10  Nr  in 
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Figure  A-?.  These  "tails"  are  apparently  due  to  the  fact  that  the  vortex  shed¬ 
ding  phenomenon  is  not  strong  and  stable  at  lov  wind  velocities. 

The  CK  curve  for  optimum  spoilers  is  quite  low  and  fairly  flat.  On  the  other 
hand,  the  curves  for  8  and  l6  small  windings  stand  well  above  the  curve  for  bare 
cylinders,  but  all  have  somewhat  similar  shapes.  The  plot  of  standard  Cl  shown 
in  Figure  A-8  appears  to  level  off  at  approximately  0.10.  K 

Strouhal  numbers  are  plotted  for  all  members  in  Figures  A-9  and  A- 10.  The  com¬ 
bined  plot  of  Ng  -  vs  -  Log10  N„  for  bare  cylinders  is  found  to  rise  abruptly 
at  a  Reynolds  number  of  approximately  3.6  x  10?.  in  contrast,  the  N  curve  for 
cylinders  with  numerous  windings  continues  horizontally  through  the  critical  re¬ 
gion  of  N_. 

Figure  A- 11  demonstrates  in  a  general  manner  the  influence  of  the  number  of 
windings  on  spoiler  effectiveness.  Corf igurations  with  four  windings  repeatedly 
gave  maximum  suppression  of  lift  forces. 

Figure  A-12  illustrates  the  influence  of  winding  diameter  on  spoiler  effective¬ 
ness  for  the  3  ^  cylinder .  The  knee  of  this  type  of  curve  occurs  consistently 
at  a  spoiler  diameter  of  roughly  d/l2  to  3d/ 32.  The  curves  rise  toward  C  /c 
1  for  small  diameter  windings  and  appear  to  rise  only  slowly  for  large  si^i  103 
windings. 

The  relative  insensitivity  of  the  phenomenon  to  spoiler  pitch  is  shown  in  Figure 
A-13  for  the  6"  </>  cylinder,  A  wide  effective  range  exists  from  a  pitch  of 
approximately  8d  to  about  l6d.  The  most  effective  pitch  appears  to  be  at  about 


Thus,  optimum  spoilers  may  be  assumed  to  be  4  windings  of  size  d/16  or  larger  at 
a  pitch  of  12d. 


Results  of  Tests  on  Spring-Supported  Cylinders 


An  example  plot  of  the  response  of  the  5"  /  cylinder  is  presented  in  Figure  B-5 
in  the  form  of  (HDD)  -  vs  -  wind  velocity.  The  plot  compares  the  response  of 
the  bare  cylinder  to  the  response  with  both  spoilers  and  anti-spoilers  attached. 
In  all  cases  the  resonant  response  was  reduced  dramatically  by  the  addition  of 
spoilers . 


Values  of  the  standard  CL  at  resonance  are  plotted  -  vs  -  Log  n  N„  for  bare 
cylinders  in  Figure  B-6  and  for  cylinders  with  8  -  3/16"  /  windings  in  Figure 
B-7-  Tlie  resulting  plots  of  C  for  these  two  cases  are  not  significantly  dif¬ 
ferent  from  each  other.  The  curve  of  C  for  bare  cylinders  is  lower  than  that 
for  CK  in  Phase  A,  and  the  data  is  rather  scattered.  The  "tail"  effect  is  again 
apparent  for  resonance  at  low  velocities.  The  general  trend  of  the  CL.  curve  is 
to  decrease  to  a  rather  low  value  in  the  vicinity  of  the  critical  Reynolds  num¬ 
ber  of  3.6  x  10?. 


Figures  B-8  and  B-9  represent  plots  of  Strouhal  numbers  calculated  from  the 
resonant  response  of  bare  cylinders  and  of  cylinders  with  numerous  windings, 
respectively  There  appears  to  be  no  difference  between  the  two  plots  for  the 
vibrating  cylinders.  In  both  cases  there  does  not  seem  to  be  a  rise  in  H0  at 
the  critical  II—,  but  instead,  there  appears  to  be  some  tendency  to  continue 
horizontally.  'There  are  not  enough  points  at  high  Reynolds  numbers  to  draw  a 
definite  conclusion,  but  there  is  at  least  an  indication  of  a  trend.  The  fact 
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that  the  data  is  more  scattered  than  for  the  stationary  cylinders  may  be  due  to 
the  ability  of  the  vibrating  cylinders  to  control  the  shedding  frequencies  at 
resonance  to  some  degree. 

The  (iLF)'s  calculated  for  the  cylinders  at  resonance  are  plotted  -  vs  -  (ASF) 
in  Figure  B-10.  A  similar  curve  for  v /v  is  practically  identical  to  Figure 
3"  10.  Thus ,  the  supposition  that  (Hi 7  =  V  /v  is  verified,  and  the  (ASF) 
proves  itself  to  be  a  valid  basis  for  deterSin£Sg  the  degree  of  self- amplifica¬ 
tion. 

8. 4  Results  of  Tests  on  Flexural  Members 

Example  response  curves  for  a  bare  test  member  and  for  the  member  with  spoilers 
over  varying  portions  of  its  length  are  exhibited  in  Figure  C-5.  For  most  of  the 
members  tested,  vibration  amplitudes  were  suppressed  to  approximately  10$  by 
optimum  spoilers  wound  over  portions  as  short  as  20$  of  the  member  lengths.  A 
spoiler  length  of  O.hOjP^  gave  the  best  results  in  most  cases.  It  must  be 
pointed  out,  however,  that  spoilers  were  not  as  effective  for  the  1  diameter 
members  as  for  the  larger  diameter  members,  and  they  were  not  as  effective  on 
cantilever  members  as  they  were  on  members  supported  at  both  ends.  Thus,  it 
appears  that  the  larger  the  (NDD)  the  less  the  effectiveness  of  the  spoilers. 
Therefore,  spoilers  should  be  most  efficient  on  fixed-end  members,  as  shown  by 
the  results  of  the  Fhase  C  tests. 

Figure  C-6  shows  calculated  values  of  the  standard  at  resonance  for  bare  mem¬ 
bers.  A  smooth  curve  is  drawn  through  the  predominant  pattern.  It  is  difficult 
to  say  whether  this  curve  should  continue  to  drop  or  whether  it  should  level  off 
in  the  vicinity  of  N  =  10 5 .  The  C,,  at  lower  Reynolds  numbers  appears  to  level 
off  at  a  value  of  0.48. 

The  Phase  C  Strouhal  numbers  appear  in  Figure  C-7.  It  is  readily  apparent  that 
these  values  check  very  well  with  the  plot  of  N  obtained  from  stationary  cylin¬ 
ders  in  Phase  A.  b 

The  curve  for  (ILF)  for  the  vibrating  members  is  shown  in  Figure  C-8.  The  data 
is  somewhat  more  scattered,  and  the  curve  is  definitely  lower  than  for  the  cylin¬ 
der  tests  (shown  by  dashed  lines)  discussed  above.  The  latter  discrepancy  is 
probably  due  to  phase  differences  along  the  lengths  of  the  members  which  do  not 
arise  along  the  lengths  of  cylinders  oscillating  as  rigid  bodies. 

From  load  tests  on  compression  specimens  a  value  of  10.72  ksi  was  obtained  for 
the  modulus  of  elasticity  of  6o6l  t6  aluminum  tubing. 

8*5  Correlations  among  the  Results  of  the  Three  Phases  and 
Comparisons  with  Previously  Published  Information 

In  Figure  8.1  all  of  the  C  and  C  curves  determined  in  this  investigation  are 
represented  by  the  solid  lines.  Isolated  points  and  dashed  lines  denote  the 
values  of  C^.  reported  by  previous  investigators,  and  Table  8.1  summarizes  pub¬ 
lished  values  for  C^  and  notes  whether  they  are  experimental  or  analytical. 
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Table  8.1:  Previously  Published  Values  for  C 


K 


Date 

Source 

Ref. 

Experimental  (E) 
or  Analytical  (A) 

E 

nr 

Sc 

1932 

Tyler 

- 

- 

0.6l 

-1.05 

1935 

Pagon 

- 

- 

9.6x10'’ 

1.00 

1935 

Reudy 

19 

A 

- 

0.93 

1935 

Schwabe 

21 

E 

735 

0.45 

1942 

Landweber 

- 

A 

- 

3-42 

1946 

Steinman 

24 

A 

- 

1.71 

1952 

Bingham 

2 

E 

7*6x10^ 

O.90 

1956 

Phillips 

- 

- 

40  -160 

O.76 

1957 

Goldman 

12 

E 

(See  Fig. 

8.1) 

1957 

McGregor 

14 

E 

4.  5x10^ 
-1.3X105 

0.60 

1958 

Fung 

11 

E 

(See  Fig. 

8.1) 

The  three  curves  for  standard  C  from  each  of  tho  v 

relation  with  Fung's  curve  forSws^  shown°in°FiJre  8.S  CUrV6S  Sh°W  S°°d  C°r" 

The  peak  r  curves  for  8  and  l6  windings  correspond  very  closelv  to  th« 

C  All  ^hese  wblSh^  ^  CUrVe  glVen  by  ^  for  extreme  values “f 
dtid  Goldman  5o  notE»StS  "k  Sn^fT  ^w'  a““oueh  MoG”e” 

-vp*-™ *■ «-  sr^s  ’stssst  £  s 

UGS  °“  aPPr°ximately  the  same  values  reported  try  other  pvn^v-tm  n+  ^ 

Aether  differences  in  tunnel  turbulences  h^s  a  beSil  n  experimenters. 

SaJac^Sc^f  the  SS 

£.£.•?££*. r-l  -  -  pSSTo? SJE 

importance  in  this  respect. 


It  is  the  curve  which  assumes  great 


Curves  for  «  uuuainea  in  rnis  Investigation  are  compared  in  Fieure  8  ?  w-i+h  , 
maximum  difference  in  ordinates  is  approximately  %.  1  ly  11  ’  and  the 


considering  the  results  of  spoiler  optimization, 
tubular  windings  with  a  configuration  of  spiral 


it-  is  interesting  to  compare  the 
fins,  or  "strakes",  tested  by 


C0MM*'SO"  At  CMVES  <V,TH  PUBUSHFn  MUSS 


s:o 
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C.  Scruton  and  D.  Walshe  (Rof.  23).  Scruton  introduced  a  design  consisting  of 
three  helical  strakes  of  height  up  to  d/8  and  set  at  a  pitch  of  15d.  He  states 
that  the  strakes  must  be  of  sufficient  height  and  number  and  that  their  helical 
formation  is  an  essential  feature.  He  further  states  that  their  effectiveness 
increases  with  size  but  that  they  need  be  no  larger  than  l/8d,  In  addition,  he 
reports  that  the  result  is  not  sensitive  to  pitch  and  that  a  single  strake  is 
not  effective  because  of  the  opposite-side  characteristic  of  vortices.  Scruton 
also  states  that  any  number  of  strakes  can  be  used,  but  he  does  not  support  this 
remark  with  experimental  evidence  It  is  apparent  that  the  tubular  windings  op¬ 
timized  in  the  present  investigation  show  characteristics  similar  to  Scruton' s 
strakes,  with  some  reservations. 


IX  DESIGN  CRITERIA  t  PROCEDURES  .  AND  APPLICATIONS 


9 ■ 1  General 


The  general  approach  to  presenting  design  and/or  analysis  tools  for  tubular  alu¬ 
minum  members  of  antenna  space  frames  is  as  follows ■ 

a)  Design  criteria,  drawn  from  the  results  of  the  laboratory  experiments  are 
summarized  and  applied. 

b)  The  members  are  separated  into  categories  of  end  fixities - pinned,  fixed 

and  selected  conditions  of  intermediate  elastic  supports.  ' 

c)  A  specific  wall  thickness  of  l/l6  th  of  the  outside  diameter  is  chosen  for 
each  tube  size  from  2 "p  to  8"0  in  increments  of  one  inch  This  selection  of  mem¬ 
ber  sizes  is  representative  of  proportions  used  in  practical  design  and  has  also 
the  convenient  property  of  geometric  similarity.  The  exception  to  this  rule  is 
the  7  p  x  3/8"  tube,  which  was  chosen  because  the  7/l6"  thickness  is  not  manufac¬ 
tured.  The  sizes  selected,  then,  are  the  following 

2"  t  x  1/8"  6"  j 6  x  3/8" 

3"  t  x  3/16"  7"  0  x  3/8" 

4"  i  x  1/4"  8"  0  x  1/2" 

5"  0  x  5/16" 

Behavior  of  members  of  other  diameters  and  wall  thicknesses  may  also  be  interpo¬ 
lated  from  the  charts  presented  herein, 

d)  Charts  are  constructed  which  can  be  used  to  obtain  natural  frequencies,  criti¬ 
cal  velocities  for  resonance,  Reynolds  numbers  at  resonance,  applicable  values  of 
Cg,  and  resulting  maximum  flexural  stresses  in  terms  of  incremental  deflection 
factors,  (IDF),  for  any  practical-sized  bare  member.  The  manner  of  constructing 
the  charts  is  described,  and  examples  for  use  of  the  chartc  are  given. 

e)  A  second  set  of  charts  provide  a  graphical  means  of  determining  the  effect  of 
self-amplification  due  to  the  vibration  itself  These  charts  give  the  values  for 
the  aeroelastic  suppression  factor,  (ASF),  the  incremental  load  factor,  (ILF),  and 
the  incremental  deflection  factor,  (IDF),  for  various  conditions  of  end  fixity,, 

In  addition,  the  values  of  ( IDF )  are  applied  to  the  values  of  CT  =  0  ( IDF)  ob¬ 
tained  from  the  first  set  of  charts,  producing  values  of  maximum^^fexural  stress 
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in  kips  per  sq.  in.  as  the  end  result. 

f)  A  recommended  method  of  approach  is  given  for  the  design  of  antenna  members 
against  lateral  vibrations  due  to  wind.  The  use  of  spoilers  is  discussed,  and 
effective  configurations  are  specified. 

g)  Applications  to  existing  structures  are  also  considered,  and  an  example  study 
of  an  actual  structure  is  briefly  outlined. 

9*2  Design  Criteria 

a)  Strouhal  Number 

The  range  of  Reynolds^numbers  of  interest  for  the  members  of  antenna  structures  is 
approximately  from  10  to  10°.  Within  this  range  the  Strouhal  number  varies,  but 
design  procedures  are  simplified  somewhat  assuming  N  to  be  constant.  The  average 
value  of  N  =  0.19  will  be  used  as  a  design  criterioR  in  this  report  (see  Figure 

C-7).  3 

b)  Lift  Coefficient 

A  curve  for  standard  Karman  lift  coefficient,  C  ,  must  be  specified  for  design 
purposes.  Of  the  plots  shown  in  Figure  8.1,  the  C  curves  from  the  vibration 
tests  of  Phases  B  and  C  represent  the  appropriate  values.  The  fact  that  the 
Phase  B  curve  descends  to  a  low  value  in  the  vicinity  of  the  critical  Reynolds 
numbers  conforms  to  the  stochastic  response  calculations  presented  previously  in 
Section  4-3.  However,  Figure  C-6  shows  some  deviation  of  flexural  members  from 
this  trend.  Therefore,  in  order  to  provide  conservatism  in  the  design,  a  combina¬ 
tion  of  the  Phase  C  curve  for  CL.  and  Fung's  RMS  curve  at  super- critical  Reynolds 
numbers  will  be  used  in  the  graphical  analysis  charts  of  this  section. 

c )  Self- Amplification 

The  ( TLF)  curve  from  member  tests  shown  in  Figure  C-8  will  be  used  for  predicting 
the  degree  of  self- amplification  of  actual  structural  members.  An  upper  limit  of 
(ILF)  =  1.40  will  be  selected  for  the  case  of  zero  damping.  This  value  is  set 
somewhat  below  Steinman's  limit  of  1.4-5  (see  Section  3*4)  because  of  the  phase 
differences  discussed  previously. 

9-3  Analysis  Charts 

a )  Charts  for  Resonant  Frequencies,  Velocities,  and 
Stresses  (AC-al  to  AC-a4) 

( 1 )  Construction  of  Charts  (AC-a) 

A-Lines  are  plots  of  fundamental  frequencies  of  vibration,  f  =  0  (r,L),  -  vs  - 
length  of  member  for  various  member  sizes. 

V 

B-Lines  are  plots  of  vortex  shedding  frequencies,  f  =  N  =,  using  N  =  0.19  deter¬ 
mined  from  the  experiments.  The  shedding  frequencies  anS.  natural  frlquencies  are 
matched  on  scale  2  to  give  the  critical  velocities  directly  on  scale  3. 

C-Lines  represent  the  corresponding  Reynolds  numbers,  N„  =  780  v  d,  at  resonance 
-vs  -  critical  velocities.  The  e3q>erimentally- determined  plot  8?  the  standard 
lift  coefficient,  C^,  is  plotted  -  vs  -  Reynolds  numbers  with  ordinates  shown  by 
scale  5* 
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£•  Draw  a  horizontal  line  to  the  F-Line  which  corresponds  to  the  value  of  C 
found  in  step  c.  The  abscissa  of  this  point  is  the  fiber  stress  (scale  8)  fSr  a 

statically  applied  load  determined  by  the  indicated  value  of  C  . 

K 

g.  Draw  a  vertical  line  to  the  G-Line  of  the  dynamic  load  factor  corresponding 
to  the  logarithmic  damping  decrement  for  the  structure.  The  ordinate  of  this 
point  is  found  on  scale  9  to  be  the  maximum  flexural  stress,  magnified  by  the 

( DLF ) ,  but  not  yet  modified  by  the  incremental  deflection  factor,  (IDF). 

h.  A  separate  calculation  for  the  (IDF)  may  be  made  for  each  member  in  the  fol¬ 
lowing  manner : 


(1)  Compute  the  aeroelastic  suppression  factor,  (ASF),  for  the  member,  using  the 
expressions  developed  previously. 

(2)  Obtain  the  (ILF)  from  the  experimental  plot  from  member  tests. 

max 

(3)  Compute  the  (IDF)  for  the  member  using  the  expressions  developed  for  this 
application. 

An  alternative  procedure  for  finding  the  (IDF)  is  to  make  use  of  the  second  set 
of  charts,  (AC-b),  constructed  for  this  purpose.  The  latter  charts  are  explained 
in  the  next  section. 

b)  Charts  for  Determining  Effects  of  Self-Amplification 
(AC-bl  to  AC^ST 

(l)  Construction  of  Charts  (AC-b) 

A-Lines  represent  a  partial  calculation  of  the  aeroelastic  suppression  factor, 
(ASF),  for  various  wall  thickness-diameter  ratios.  The  partial  product,  given  on 
scale  2,  does  not  include  the  effect  of  the  lift  coefficient,  C^,. 

B-Lines  serve  to  divide  the  abscissae  on  scale  2  by  the  indicated  values  of  C  to 
give  (ASF)  on  scale  3*  The  experimental  plot  of  the  corresponding  incremental 
load  factor  for  a  vibrating  member  then  provides  (ILF)  on  scale  h.  The  (ILF)  is 
then  squared  graphically  as  shown  by  the  (ILF)2  curve  and  scale  5. 

C-Lines  constitute  a  partial  solution  for  the  second  denominator  term  in  the  appro¬ 
priate  expression  for  the  incremental  deflection  factor,  (IDF),  depending  upon  the 
thickness- diameter  ratio  of  the  member. 


D-Lines  multiply  the  C-Lines  by  various  values  of  dynamic  load  factors,  (DLF). 

E- Lines  bring  in  the  additional  effect  of  CL.  and  give  the  second  denominator  term 
on  scale  8.  The  curve  for  (IDF)  converts  scale  8  to  scale  9  by  means  of  the  equa¬ 
tion. 


(Scale  9) 


1  -  (Scale  8) 


F-Lines  perform  the  function  of  multiplying  the  (IDF)'s  by  the  values  of 
( AC- a ) .  The  end  results  of  the  operation  are  the  values  of  the  maximum  fl< 
stress,  CTL _  .  in  kips  per  sq.  in. ,  given  on  scale  10. 

lucaX 


0~  1 


max 
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(2)  Procedure  for  Using  Charts  (AC-b) 

The  use  of  the  second  set  of  charts  requires  the  same  information  as  is  necessary 
for  the  first  set.  The  following  steps  delineate  the  procedure  for  using  charts 
^  AC”*"b )  * 

a.  Select  the  chart  corresponding  to  the  support  condition  of  the  member.  Enter 
scale  1  with  the  logarithmic  damping  decrement,  6  ,  and  draw  a  Horizontal  line  to 
the  A-Line  labelled  with  the  thickness-diameter  ratio  of  interest. 

b.  Next,  draw  a  vertical  line  to  intersect  the  B-Line  for  the  previously- 
determined  value  of  C^.  The  ordinate  of  this  intersection  is  the  (ASF)  on  scale  3 

c‘  Project  a  horizontal  line  to  the  experimental  ( IT.F)  curve  and  read  the  value 
of  (ILF)  on  scale  4  if  desired. 

d.  Draw  a  vertical  line  to  the  (ILF)2  curve. 

e.  The  next  step  is  to  draw  a  horizontal  line  to  meet  the  C-Line  of  the  appro¬ 
priate  thickness -diameter  ratio. 

f.  Draw  a  vertical  line  to  the  D-Line  of  (DLF)  corresponding  to  6  . 

g.  Trace  a  horizontal  line  to  the  E-Line  of  the  known  C^.. 

h.  Next,  draw  a  vertical  line  to  the  (IDF)  curve  and  read  the  value  of  (IDF)  on 
scale  9- 

i.  Finally,  project  a  horizontal  line  to  the  proper  F-Line  (or  interpolated  F- 
Lme)  for  the  value  of  J  max  obtained  previously  from  charts  (AC-a).  The  value 

of  O'  max  on  scale  9  is4fiPmaximum  vibrational  fiber  stress  for  the  member  under 
consideration. 

Analysis  chart  (AC-bl,2)  is  intended  for  use  with  both  the  case  of  fixed  ends  and 
ne  case  of  semi-fixed  ends  with  f  =  2.10  f  .  This  procedure  is  an  approximation 
involving  very  little  error  because  of  the  fact  that  the  mode  shape  for  the  semi¬ 
fixed  case  is  almost  the  same  as  for  the  fully  fixed  case. 

V/hen  many  members  are  to  be  analyzed  for  wind- induced  vibrational  stresses,  it  is 
recommended  that  a  tabular  method  for  organizing  the  results  be  adopted.  The  fol¬ 
lowing  items  should  be  Included  in  the  table : 

Input :  Size,  length,  condition  of  support,  8  ,  and  (DLF). 

Output  of  (AC-a):  f,  v_,  N„  ,  and  <7~max  . 

°r  Rcr  ~JTdF) 

Output  of  (AC-b):  (ASF),  (ILF),  ( IDF ) ,  and  O  max. 
c )  Quantitative  Examples 


The  following  examples  are  analyzed  graphically  by  the  methods  described,  and  the 
solutions  axe  traced  with  dashed  lines  on  the  charts . 
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12.20  x  1.241 
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(3)  Pinned  Member:  (4"  (  x  l/4"  x  12’-0"j  DLF  =  500) 
Analysis  Chart  (AC-a3): 

Natural  frequency,  f  =  20. 5  cps. 

Critical  velocity,  vcr  =  24.5  mph. 
Reynolds  number,  Np  =  7.5  x  10^' 

Lift  coefficient,  C!  =  0. 30 
Fiber  stress, 


Analysis  Chart  (AC-b3) 


y~raax  =  6.20  ksi. 

(IDF) 


(ASF)  =  5.44  x  108  mm  Ng  & 


(ILF) 
(IDF)  = 


°K  d 
1 


=  19.25 
=  1-235 


i  /  1  -4  -  2  o  =  1.^22 

1  -  2.4l  X  10  O  ( TiT  T7\  /’-rr»\2 


O,  dc  (DLF)  (lLF)c 
A 


Thus, 


=  1.422  x  6.20 


max 


=  8.8 2  ksi 


(1)  Cantilever  Member:  (4"  /  x  1/4"  x  6'-0";  DLF  =  500) 
Analysis  Chart  (AC-a4): 

Natural  frequency,  f  =  29.O  cps. 

Critical  velocity,  v  =  35.0  mph. 

Reynolds  number,  NR  =  1.10  x  10^ 

Lift  coefficient,  c^.  =  0.  25 

Fiber  stress,  CT max  =  11>00 

(IDF) 

Analysis  Chart  (AC-b4) : 

(ASF)  =  4.42  x  108  mm  Ns2  &  =  18.85 

_CK  d2 

<ILF>  =  1.246 

(IDF)  = -  1 


Thus, 


1  -  2.46  x  10‘4  5  d2  (DLF)  (ILF)2 
A 


max  =  11,00  x  1.35 


=  1-35 
=  14.85  ksi 
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9.4  Procedure  for  Design  Against  Lateral  Vibrations 

The  charts  presented  in  Section  9*3  are  intended  for  use  in  the  design  of  antenna 
space  frames  consisting  of  tubular  aluminum  members.  The  procedure  for  design 
against  lateral  vibrations  due  to  von  Karmen  vortex  forces  is  outlined  in  the  fol¬ 
lowing  steps : 

1.  Make  a  preliminary  design  of  members  on  the  usual  basis  of  working  loads. 

2.  Estimate  damping  and  conditions  of  end  fixity  for  all  members. 

3.  Obtain  the  critical  wind  velocity  for  each  member  from  the  charts.  Select  an 
arbitrary  wind  velocity  (depending  upon  prevailing  wind  conditions  at  the  site 
where  the  structure  will  be  located)  below  which  fatigue  will  be  a  primary  con¬ 
sideration  due  to  the  likelihood  of  frequent  winds  causing  a  large  number  of  stress 
repetitions. 

4.  Obtain  values  of  stresses  at  resonance  from  the  charts  for  each  member.  Com¬ 
bine  these  stresses  with  working  stresses  and  compare  the  totals  with  allowable 
values.  For  members  with  critical  velocities  below  the  arbitrarily  selected  velo¬ 
city,  the  allowable  stress  should  be  based  on  fatigue  considerations.  For  members 
with  higher  critical  velocities,  the  allowable  stress  may  be  based  on  dynamic 
yield  strength  considerations. 

5.  The  foregoing  stress  analysis  will  show  which  members  will  be  endangered  by 
the  possibility  of  wind- induced  vibrations  and  to  what  degree.  A  new  design  should 
then  be  executed  using  larger  members  and/or  intermediate  braces  in  order  to  in¬ 
crease  the  natural  frequencies  of  the  members  concerned. 

6.  If  in  step  5  the  members  are  found  to  be  excessively  large  compared  to  their 
working  load  requirements,  or  if  the  structure  as  a  whole  is  judged  to  be  unduly 
complex  and  redundant  because  of  the  addition  of  bracing  members,  the  use  of 
spoilers  should  be  considered.  The  spoiler  configuration  to  be  used,  as  deter¬ 
mined  by  the  present  experimental  investigation,  is  four  helical  windings  symmet¬ 
rically  spaced  90°  apart  with  respect  to  the  axis  of  the  member.  The  spoilers 
should  be  wound  at  a  pitch  (number  of  cylinder  diameters  per  turn  of  a  single  _ 
winding)  of  12  diameters.  Ihe  diameter  of  the  windings  should  be  3d/32,  where  d 
is  the  outside  diameter  of  the  member.  The  spoilers  should  extend  over  the  cen¬ 
tral  40$  of  the  member  to  which  they  applied. 

7.  Another  alternative  solution  to  the  problem  is  the  use  of  rolled  or  extruded 
shapes  other  than  structural  tubing.  The  primary  disadvantage  in  the  use  of 
rolled  sections  for  space  frames  is  the  inherent  difficulty  in  making  three- 
dimensional  connections.  The  circular  tube  possesses  the  advantage  that  any  pair 
of  perpendicular  axes  are  principal  axes,  and  the  section  properties  are  indepen¬ 
dent  of  rotation  about  the  longitudinal  axis. 

9.5  Analysis  of  Existing  Structures 
a)  General 

The  charts  are  also  useful  for  the  purpose  of  making  a  vibration  analysis  of  an 
existing  structure.  The  procedure  to  be  followed  is  the  same  as  for  design.  In 
this  case,  however,  member  sizes  cannot  be  changed;  so  only  the  two  alternatives 
of  adding  braces  or  of  adding  spoilers  are  available.  The  latter  alternative  is 
much  more  desirable  than  the  former  because  of  (l)  the  ease  and  speed  of 
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Table  9-1 •  Analysis  of  G.  C.  I.  Antenna  Member a  * 
Input  Information  Output  of  (AC- a) 
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installation,  (2)  the  low  cost  of  material,  equipment,  and  labor  involved,  «na 
(3)  the  preservation  of  the  integrity  of  the  structural  framing.  The  slight  in¬ 
crease  in  drag  and  dead  weight  of  the  structure  due  to  the  addition  of  spoilers 
is  inconsequential  compared  to  the  alternative  of  adding  bracing  members. 

b)  Example  Analysis  of  the  G. C. I.  Antennn 

The  120'  x  30'  G. C.I.  Antenna  is  a  large  radar  antenna  constructed  in  1958  at  the 
Boston  Hill  site  in  North  Andover,  Massachusetts.  This  structure  was  analyzed 
for  wxud- induced  vibrations  in,  a  preliminary  manner  by  the  writer  (Ref.  29).  The 
antenna  is  shown  in  Photograph  9*1,  and  a  schematic  diagram  of  the  space  frame 
appears  in  Figure  9.1.  Properties  and  characteristics  of  the  more  flexible  mem¬ 
bers  of  this  space  frame  are  summarized  in  Table  9.1.  Analysis  charts  (AC-a)  and 
(AC-b)  are  used  to  obtain  the  vibrational  information  and  the  flexural  stresses 
which  are  also  presented  in  Table  9.1. 

In  this  antenna  a  system  of  intermediate  braces  was  added  to  alleviate  the  vibra¬ 
tional  stresses. 


X  DISCUSSION 

10.1  Validity  of  Initial  Assumptions 

The  basic  assumptions  stated  in  Section  5.1  were  substantiated  in  a  satisfactory 
manner  by  the  results  of  the  experiments. 

Spanwise  correlation  of  the  vortex  shedding  mechanism  appears  to  have  been  a  fairly 
valid  assumption  for  stationary  cylinders.  Otherwise,  a  continuous  curve  for  C 
would  not  have  been  obtained  for  various  size  cylinders  having  different  aspect; 
ratios.  For  vibrating  cylinders  and  members,  spanwise  correlation  is  insured  to 
a  great  extent  by  the  vibration  itself.  The  ability  of  vortices  to  conform  to  the 
motion  of  flexural  members  is  demonstrated  by  the  ease  with  which  higher  modes  of 
vibration  are  developed.  In  these  higher  modes,  vortices  must  be  shed  simultane¬ 
ously  from  opposite  sides  of  the  member  along  different  portions  of  the  span,  and 
yet  the  flow  picture  readily  adjusts  itself  to  accomplish  this  complex  feat. 

The  assumption  that  spoiler  configurations  optimized  on  stationary  cylinders  are 
optimum  for  vibrating  cylinders  has  also  proved  to  he  Justified.  The  reduction  of 
the  response  amplitudes  in  Phase  B  speaks  for  itself  in  this  respect.  There  was 
no  opportunity  to  optimize  spoilers  on  cylinders  smaller  than  3"  <f>  because  the  re¬ 
sulting  aspect  ratios  would  have  been  too  large  for  the  cylinders  to  behave  as 
rigid  bodies  in  the  standardized  set-up  of  Phase  A.  Therefore,  the  optimum 
spoilers  for  larger  diameters  were  extrapolated  to  the  1  l/2"  p  and  2"  (  members 
by  geometric  ratio.  In  some  cases  these  spoilers  were  not  too  effective,  but 
this  short- coming  is  probably  due  to  factors  other  than  the  method  of  extrapola¬ 
tion. 

The  fact  that  the  standard  (L  curves  of  Phases  B  and  C  merge  into  each  other  veri¬ 
fies  the  assumption  that  short,  spring- supported  cylinders  may  he  used  to  simulate 
the  behavior  of  structural  members  which  are  too  large  to  test  in  the  wind  -tunnel  - 
Since  the  plotted  values  of  G,  are  independent  of  the  self- amplification  phenome¬ 
non,  this  result  is  to  be  expected. 

Directing  this  project  toward  studying  first  modes  of  vibration  for  all  types  of 
members  had  the  advantage  of  simplifying  the  laboratory  instrumentation  problems 
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"IT11/8  COVerf“S  the  consideration  of  primary  interest  in  most  structrual  mem¬ 
bers.  However,  disregarding  the  higher  modes  of  vibration  for  very  flexible  mem 
^e!“be  conservative  where  the  vortex- shedding  problem  L  ^oSef  ^he 
higher  modes  can  cause  high  stresses  in  a  member  even  when  the  C  is  low  because 
they  are  produced  by  substantial  wind  velocities,  and  the  resulting  lift  forces 
vary  as  the  square  of  the  velocities.  ^  -Lirt  f°rces 

l°-2  Vibrations  in  Subcrltical  Rpng» 

SiR^^tieatw0n  BhOWS  that  Wind-lnduced  vibrations  in  the  subcrltical  range 

the  "ftSdL-d^1*8  can,be  deft  ^  effectively  by  adhering  to  the  conce^of 
the  standard  Iasi  basis  for  all  response  ««.-  s  *  01 


which  affect  the  degr^of  self^lift^  "  ““  ^  fact°rS 

10-3  Vibrations  in  Supercritical  Rsng» 

a)  Antenna  Members 

SUP?rCrltlcal  ran«e  was  secondary  interest  to  this  project,  insuf- 

diai  ^SlSe  SncS^68  ^  ^  ±n  the  regi°n  °f  hi«h  ^olds  numbers  to 
T**"  “V  definite  conclusions  regarding  the  stochastic  response  of  large  cvlin- 

of  r^  !S  B  ^  C  ^  this  respect.  A  study  directed  toward  this  region 

numbers  is  necessary  for  the  solution  of  the  problem,  but  the  benefits 
would  be  marginal  where  antenna  members  are  concerned. 

b)  Large  Diameter  Structures 

coping  with  past  and  present  difficulties  on  the  subject. 

10.4  Discussion  on  Use  of  Spoilers 

Ohe  first  mode  optimum  spoiler  design  described  in  Section  9.4  is  suitable  for  the 
suppression  of  vibrations  except  for  the  following  reservations:  thC 

k\  ?tn0t  r?“ded  f0r  Reyn°lds  numbers  below  1  x  104  or  above 

Fluidfi^h  V?18  raage  sPOiler  optimization  was  carried  out. 

Fluid  flow  has  greater  ability  to  override  protuberances  at  the  lower  Revnolda 
numbers.  At  high  Reynolds  numbers  the  lift  forces  on  bare  cylinders  are^uite 
erratic  without  the  addition  of  spoilers,  and  Phase  A  tests  revealed  no  differ 

ourspi?le«.°SCillOSraPh  reC°rdS  f°r  SUperCritlcal  Reynolds  numbers  with  and  vith- 

Sf°^?rS  8X6  r|c/onmended  for  members  with  diameters  smaller  than  2"  <k  Qr 
thL  h8  W±?1  greater  than  R0'  11118  statement  is  based  on  the  fact 

v?S  *  “em^>ers  having  small  diameters  and  large  non-dimensional  amplitudes  of 
SSule^  runs  demonstrated  an  ability  to  persist  in  fairly  large  am¬ 

plitudes  of  oscillation  with  spoilers  attached,  whereas  vibrations  in  other  types 
of  members  were  readily  suppressed  with  spoilers.  types 
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c)  When  it  is  necessary  or  desirable  to  suppress  inodes  of  vibration  higher  t.hnn 
the  first  mode,  windings  must  be  applied  over  the  full  length  of  the  member  under 
consideration  rather  them  over  only  a  portion  of  its  length. 


XI  CONCLUSIONS  AND  RE  COMMENDATIONS 
11.1  Conclusions 


a)  Information  Obtained  from  Tests 

The  experiments  conducted  in  this  investigation  have  provided  a  continuous  curve 
for  ^  ln  the  range  of  Reynolds  numbers  of  interest  for  antenna  members.  This 
curve  represents  the  basic  tool  with  which  the  problem  of  wind- induced  vibrations 
may  be  solved. 

The  second  essential  experimental  plot  which  has  been  developed  is  the  curve  for 
incremental  load  factors,  (ILF),  -  vs  -  aeroelastic  suppression  factors,  (ASF), 
from  the  member  tests  of  Phase  C.  The  use  of  (ILF)'b  in  conjunction  with  the  ex¬ 
pressions  for  incremental  deflection  factors,  (IDF),  permits  the  calculation  of 
the  degree  of  self-amplification  for  any  of  the  types  of  members  considered  in 
this  project.  Moreover,  the  method  can  be  extended  to  other  types  of  members  by 
writing  appropriste  expressions  for  (ASF)  and  (IDF)  for  the  particular  mode  shapes 
involved. 

Experimental  plots  of  Strouhal  numbers  check  well  with  previously  published  infor¬ 
mation.  The  accuracy  of  this  agreement  (within  %)  is  deemed  to  be  sufficient  for 
engineering  purposes.  Considering  all  of  the  possibilities  for  experimental  error 
involved  in  the  laboratory  tests,  this  discrepancy  is  reasonable. 

b)  Effectiveness  of  Spoilers 

Spo^ler  teste  show  that  a  conf iguration  of  four  helical  windings  is  most  effective 
in  suppressing  lift  forces.  A  spoiler  diameter  of  d/l6  to  d/8  is  necessary  for 
good  suppression,  and  a  diameter  of  38/32  reduces  the  lift  forces  to  a  minimum. 
Although  the  pitch  of  windings  is  an  essential  property  of  the  spoilers,  the  phe¬ 
nomenon  is  not  particularly  sensitive  to  the  pitch.  The  most  effective  pitch  in 
the  wide  range  of  choice  (8d  to  l6d)  was  determined  to  be  12d. 

11 . 2  Recommendations 

a)  Design  Criteria,  Procedures,  and  Applications 

Ihe  design  criteria  and  the  methods  of  analysis  and  design  against  vibrations 
described  in  detail  in  Section  9  are  recommended  for  the  solution  of  the  problem 
of  wind-induced  vibrations  in  antenna  members.  Analysis  charts  contained  in 
Section  9.3  provide  complete  and  automatic  solutions  for  all  of  the  factors  in¬ 
volved,  and  the  complete  range  of  practical  member  types  and  sizes  is  covered. 
These  charts  can  also  be  applied  to  aluminum  structures  other  than  antenna  space 
frames,  of  course. 

b)  Use  of  Spoilers 

It  is  recommended  that  spiral  spoilers  of  the  optimum  design  described  in  Section 
9.4  be  used  wherever  this  method  of  suppression  is  deemed  suitable  compared  to 
the  other  choices  available.  This  recommendation  is  subject  to  the  reservations 
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enumerated  in  Section  10.4.  Disruption  of  the  aerodynamic  forces  causing  vibra¬ 
tions  represents  the  basic  scientific  approach  to  the  problem  compared  to  the 
usual  engineering  approach  of  altering  the  structure  to  avoid  the  difficulties 
However,  both  approaches  have  their  merit,  and  it  is  the  responsibility  of  the 
designer  to  Judge  which  method  is  suitable  for  a  given  situation. 

11. 3  Recommendations  for  Further  Research 

a)  Field  Tests  in  Atmosphere 


One  of  the  essential  tools  lacking  in  the  problem  of  vibrations  in  antenna  mem¬ 
bers  is  information  concerning  the  structural  damping.  This  parameter  varies 
from  one  structure  to  another  depending  upon  the  method  of  fabrication,  the  type 
of  field  connections,  and  the  design  of  support  systems.  A  series  of  field  tests 
should  be  conducted  to  obtain  sufficient  information  on  the  damping  characteris¬ 
tics  of  existing  antenna  structures  so  that  the  designer  will  have  some  basis  for 
estimating  the  damping  coefficients  to  be  expected  in  new  antennae.  Without  this 
information  the  designer  is  severely  handicapped  with  respect  to  carrying  out  vi¬ 
bration  analyses  of  his  proposed  structures. 

Within  the  same  series  of  field  tests  can  be  included  a  study  of  the  response  of 
actual  antenna  members  to  prevailing  winds.  This  type  of  an  investigation  lacks 
the  velocity  control  feature  of  the  wind  tunnel,  but  it  possesses  the  advantage 
of  reality  with  respect  to  atmospheric  conditions  at  the  site.  Moreover,  in 
those  members  in  which  vibrations  are  observed,  the  effect  of  adding  spoilers  can 
also  be  observed  directly. 

L)  Laboratory  Investigations  of  a  Similar  Nature 

Experiments  of  a  nature  similar  to  the  present  investigation  may  be  carried  out 
to  determine  the  following  information  if  warranted  by  necessity 

(1)  The  effects  of  axial  forces  on  the  response  of  various  types  of  members  may 
be  determined.  Of  particular  Interest  would  be  the  manner  in  which  axial  forces 
determine  the  resonant  velocity  with  respect  to  Reynolds  numbers  and  the  manner 
in  which  the  axial  forces  affect  the  3elf-ampliflcation  phenomenon. 

(2)  Other  types  of  members  may  be  studied.  One  important  series  of  end- supported 
members  is  that  in  which  fixities  are  not  the  same  at  both  ends. 

(3)  Higher  modes  of  vibration  may  be  studied  to  ascertain  the  relative  importance 
of  the  various  modes  with  respect  to  the  fiber  stresses  developed  in  the  members. 

c)  Laboratory  Investigations  of  a  Different  Nature 

Hiere  are  two  experiments  of  a  different  nature  from  this  investigation  which 
should,  and  without  doubt  will,  be  performed  at  some  time  in  the  near  future. 

(1)  A  series  of  tests  with  elastically- supported  cylinders  may  be  conducted  in  a 

water  channel  in  order  to, obtain  a  continuous  curve  for  CL.  in  the  range  of 
Reynolds  numbers  below  10  .  K 

(2)  Studies  similar  to  Y„  C»  Fung's  experiments  on  a  large  diameter  stationary 
cylinder  should  be  carried  out  using  large,  light-weight  spring- supported  cylin¬ 
ders  in  order  to  obtain  information  on  the  stochastic  response  of  important  cyl¬ 
indrical  structures. 
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Figure  A-lj  Transducer  Calibration - Sanborn  Oscillo 
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Example  Sanborn  Oscillograph  Record  for  Stationary  5V  Bare  Cylinder  (Subcr.  N») 

Paper  speeds  10  and  100  mm  per  sec.j  v  =  30.0  mphi  Atten.  xij.j  Fk=  1.3#, 

Ck=  0.303|  fv=  20.0  cps,  N,=  0.190,  N=  1.17x10*.  * 
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~/0:  VALUES  OF  Ns  FOR  CYLINDERS  W/TH  8  AND  /6  MND/NGS 


/RFLUENCE  OF  W/ND/HG  D/AMETER 


Example  Sanborn  Oscillograph  Record  for  6n/  Spring- Supported  Cylinder  with 

•  8  Windings  3/16 nff  at  12d  Oscillating  at  Maximum  Amplitude 

Paper  speed  10  mm  per  sec.j  Atten.  x4j  5  =  0.029>  ke=  533  #/inj  fc=l5.05  cps 
v  =  32.4  mphj  a#=  3.40g»  NDD  =  0.0231. 
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Example  Sanborn  Oscillograph  Record  for  Member  Mi;bl  (with  Spoilers  U-3/16'V 

at  lOd  over  l+Ofo  of  Its  Length)  Vibrating  at  Maximum  Amplitude 

Paper  speed  10  mm  per  secj  Atten.  xl>  S  =  0.013*  f ,  =  20,0  cpsj  NDD  =  0.017 
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